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PREFACE 

This volume follows the general scheme of the Author's book on 
'' The Testing of Continuous Current Machines" (Harper & Brothers, 
6s.), For information on the following subjects see the chapters and 
paragraphs under their respective headings in that book : — 

Instruments and Apparatics. — Switches; cut-outs; wires and 
cables ; regulators for existing circuits ; loading resistances and 
methods of loading ; mechanical and magnetic brakes. 

Measurement of Temperatures. — General remarks; measurement 
of temperature of armature and field windings of generators and 
motors. 

Insulation Measurements. — Measurement of insulation resistance ; 
Lord Kelvin's insulation testing set ; measurement of the dielectric 
strength. 

Measu/rement of Speed. 



CONTENTS 



CHAPTER I 

PAOH 

GENERAL REMARKS 1 



CHAPTER II 

INSTRUMENTS AND APPARATUS 

1. Stabtebs and Begulatobs 4 

2. Measubing Instbuments 12 

CHAPTER III 

RESISTANCE MEASUREMENTS 

1. Methods of Mbabubing Besistanoes 27 

2. Tbansfobmebs . . . . , 81 

3. Genebatobs 82 

4. ASYNOHBONOUS MOTOBS 82 

CHAPTER IV 

MEASUREMENT OF PERIODICITY ... 84 

CHAPTER V 

MEASUREMENT OF SLIP 

1. DiBEOT Method 40 

2. Ck>]!rFAOT Methods 41 

3. Measubbmbnt of Fbequency of Botob Gubbent 44 

4. Oftigaii Methods 46 



viii CONTENTS 

CHAPTER VI 

THE MEASUREMENT OF POWER FACTOR AND POWER 

PACK 

1. Indikbgt Methods fob Mbasurinq Power 60 

2. Mbabubbmeot? of Power in SmaLB- phase Circuits by Means of 

Wattmeters 53 

3. Measurement of PcmsR in Multiphase Circuits by Means of 

Wattmeters 69 

CHAPTER VII 

PHA8EMETERS AND SYNCHRONIZERS 

1. Phasembters 68 

2. Synohbonizbrs 70 

CHAPTER VIII 

MISCELLANEOUS TESTS 

1. Determination of the Wave-form of an Alternating Current . 77 

2. The Oscillograph 79 

8. Iron Testing 82 

CHAPTER IX 

THE TESTING OF TRANSFORMERS 

1. Iron Losses 89 

Experiment No. I. — Determination of the Iron Losses of a Transformer 
(No-load Test) 90 

2. Copper Losses 93 

Experiment No. n. — Determination of the Copper Losses in Trans- 
formers (Direct Method) 94 

3. Voltage Drop 96 

Experiment No. III. — Determination of the Voltage Drop of a Trans- 
former (Direct Method) 96 

Experiment No. IV.— Determination of the Voltage Drop of a Trans- 
former (DifierentiaJ Method) 100 

4. Ratio of Transformation 108 

5. Determination of the Magnetic Stray-field 106 

Experiment No. V. — Determination of the Stray-field of a Transformer . 106 

6. Efficiency and Methods of artificially loading Transformers . 109 

i. Efficiency 109 

(a) The Indirect Method 109 

Experiment No. VI. 109 

(6) The Direct Method ... .... Ill 

(c) The Differential Method ....... 112 

Experiment No. VII 112- 

ii. The Artificial Loading of Transformers .«,... 118 



/ 



CONTENTS ix 

CHAPTER X 

ALTERNATORS 

PAOB 

1. No-iiOAD Ohabaotebistic 120 

Experiment No. YIII. — Determination of the No-load Characteristic of 

an Alternator 120 

2. Load Ghabagtbbistio 124 

Experiment No. IX. — Determination of the Load Characteristic of an 

Alternator 126 

3. Shobt-oibcuit Chabactbbistic 131 

Experiment No. X. — Determination of the Short-circuit Characteristic 

of an Alternator 132 

4. ExTEBNAii Chabactbbistio . 136 

Experiment No. XI. — Determination of the External Characteristic of 

an Alternator 136 

5. BequiiAtion Cubves . 141 

Experiment No. XII. — Determination of the Begulation Curves of an 

Alternator 141 

6. The Efficiency of Altebnatobs 144 

{a) The Direct Method 144 

(b) The Indirect Method 145 

Experiment No. XIII. — Determination of the Efficiency of an Alternator 

by the Indirect Method 147 

(c) No-load and Short-circuit Method 161 

Experiment No. XIV. — Determination of the Efficiency of an Alternator 

by the No-load and Short-circuit Method 152 



THE TESTING OF ALTERNATING 
CURRENT MACHINES 



CHAPTER I 

QENEBAL REMARKS 

It is important that experiments made in the laboratory or test-room 
be carried out in a systematic manner, and the results carefully 
recorded. Without these conditions, the experiment, however care- 
fully prepared, is of little value. If thoroughly prepared, a useful 
resiilt will often be attained, even if it is impossible to take a large 
number of readings. 

Before commencing an experiment, one must be perfectly clear 
about the method to be pursued, and whether it will really lead to 
the result desired. A complete diagram of connections should be 
drawn first, and it is not advisable to copy this directly from the 
diagrams given in this book, but it should be drawn independently, 
and afterwards be compared with that given in connection with the 
particular experiment. 

Next, the various instruments, apparatus, cables, etc., should be 
chosen and connected together. In making the connections between 
two cables, the practice of twisting the copper strands round each 
other must never be adopted, but proper cable connectors be used. 
Bad connections of this kind are not only injurious to the cables, 
but may in some cases cause damage to the machines and apparatus. 

For joining up instruments and apparatus, the terminals of the 
latter can either be permanently connected to cables whose free ends 
are exposed for further connection with cable shoes, or it is well to 
have a number of short pieces of cable — preferably of a flexible kind 
— provided with cable shoes that can be fitted to the terminals of 
apparatus. 

The connections should be systematically arranged. A muddle 
of cables and wires must be avoided. Time will be saved by observing 
this rule, especially if an error has been made in the connections. 

I B 
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If not confused, there will then be no diflBculty in tracing the leads 
and remedying the mistake. 

Sometimes two different arrangements of the connections are 
required in one experiment. In such a case it is advisable to prepare 
the connections so that the change may be readily made. This is of 
special importance when the temperature of the machine under test 
is above that of the test-room or laboratory. No time must be lost in 
such a case so as to secure the two measurements under the same 
temperature conditions. 

In every experiment the main circuit requires a switch (single or 
multi-pole, as the case may be) and a fusible cut-out. The fusing 
current of the wire of the cut-out should be about 25 per cent, greater 
than the maximum current required for the experiment. The exciting 
circuit of generators or synchronous motors need not contain a cut- 
out, but should be provided with an ordinary or special type of field 
switch. 

Before starting an experiment, it is as well to make sure that the 
resistances are large enough and the instruments of sufficient range. 
This may be ascertained by a preliminary test, without recording any 
readings. Otherwise, in the course of an experiment, the resistances 
selected may prove to be too small, or the pointer of an instrument 
sticks at some point, which would, of course, necessitate the repetition 
of the whole experiment. 

A blank schedule should be prepared, so that the results of the 
experiments may be systematically recorded. The date of the experi- 
ment and statements regarding the maker's number, type, output, 
voltage, speed, etc., of the machine should be noted as far as they 
can be ascertained from the name-plate. The exact diagram of con- 
nections must be drawn on the record sheet, and the types and 
numbers of the instruments used, as well as the names of the observers, 
be stated. 

It is advisable that everything be put down on the record sheet, 
and nothing, not even auxiliary calculations, etc., written on separate 
pieces of paper. Corrections that have to be applied to the readings 
require also scheduling. 

As a rule, it may afterwards prove useful to have noted the 
temperature of the air of the laboratory or test-room at the time of 
the experiment. 

When all the above preparations have been made, it must next 
be settled which instruments are to be read by the different observers. 
With most experiments two, and in some cases three or more observers 
are required. Each of these must observe his instrument, not only 
at the time when the reading is required, but continually throughout 
the experiment. This enables him to obtain a correct reading of his 
instrument, even if the pointer swings. After some practice, the 
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mean position about which the pointer swings can be read off with 
great accuracy. 

The readings of the respective instruments must naturally be 
taken simultaneously, and it is therefore desirable for one of the 
observers to indicate the exact moment when the reading should be 
taken by the help of a whistle or a bell. For example, in determining 
the relation between the terminal pressure and load (current) of a 
generator at constant speed and constant excitation, the observer who 
measures the speed should give the signal, and also adjust the speed, 
if necessary. 

With reference to the number of readings to be taken, it is 
essential that they be neither too near together nor too far apart. 
The examples given later on in connection with the various tests will 
be a guide. In the case of experiments taking a long time, it is 
recommended to plot the curves during the course of the experiment, 
the advantage lying in the fact that points which do not seem to be 
quite accurate can be redetermined at once. 

Whenever possible, the readings of instruments are to be made 
to the tenth part of a division. For example, if one division repre- 
sents one volt, then readings must be estimated to the tenth of a volt. 
Such readings will generally be correct to about two or three tenths 
of a division. Eeadings accurate to a single tenth are only possible 
with instruments provided with a mirror, the deflection being read off 
a scale. The percentage accuracy of the readings of the various 
instruments employed in one experiment should be the same. For 
instance, it is useless in measuring resistances to read the values of 
the current accurately to 0*1 per cent, if the voltage is measured with 
an accuracy of 1 per cent. only. 

At the end of the experiment all switches should be opened, but, 
as a rule, the connections must not be destroyed until after the results 
have been plotted or calculated out. 



CHAPTER II 

INSTRUMENTS AND APPARATUS 

I. Starters and Regulators 

Synchronous motors are not self-starting, and must therefore 
be started mechanically; these motors are frequently coupled to 
continuous- current generators, and are then started by running the 
continuous-current generator as motor, the energy being supplied 
either by accumulators or from the excitation generators. 

Induction motors with squirrel-cage rotors do not require any 
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Fig. 1. — Diagram of ConneoiioDs for starting a Squirrel-cage Motor. 

starting appliances. They are simply connected to the mains by 
means of a switch. The connections for a three-phase motor are 
shown in fig. 1. 

Though this method of starting is extremely simple, it has the 
disadvantage that the starting current is excessive, more especially 
with larger motors. To reduce the starting current, resistances are 
sometimes inserted into the primary (stator) circuit. Fig. 2 shows 
the connections for starting by this method. The terminals of the 
starter are connected to the star points of the stator, while the motor 
has a simple squirrel-cage rotor. Since the starting torque of an 
induction motor is proportional to the square of its terminal voltage, 
and in starting, a part of the voltage is consumed by the resistances, 
a motor started in this way will develop a small starting moment 
only. This starting arrangement is therefore suitable for small 
motors only, which have to start light. 

4 
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Instead of reducing the terminal voltage of the motor by means 
of resistances, we may also employ transformers with a variable ratio 
of transformation. For starting the motor its stator is then connected 
to the secondary sides of the starting transformers, the ratio of trans- 
formation of the latter being gradually reduced. After the motor 
attains its full speed, the stator is directly thrown on to the mains. 




Fjg. 2.--Diagram of Counections for starting a Squirrel-cage Motor, 
by means of resistanoes. 

Obviously the starting torque of a motor thus started will also be 
small. 

For the starting and speed regulation of slip-ring motors, 
resistances are inserted in their rotor circuit. Fig. 3 shows the 
starting arrangement for a three-phase motor with a three-phase 





Fig. 3.— Diagram of Connections for starting a Slip-ring Motor. 



wound rotor. In order to start the motor, the resistances E are 
gradually short-circuited until the working position (as shown in the 
diagram) is reached, when the three phases are short-circuited. Since 
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the starting moment of a slip-ring motor increases (up to a certain 
limit) with decreasing rotor resistance, the motor can be made to 
develop a maximum starting torque, which will obviously correspond 
to a certain position of the starting lever. 

To avoid the large number of contacts and resistance coils 
which are required for the connections shown in Fig. 3, Professor 
Niethammer has devised an arrangement which is shown in Fig. 4. 
The four brushes, 1, 2, 3, 4, sliding on the slip-rings of the rotor, are 
connected to the terminals a, &, and c of the starter, which has only- 
one set of resistance coils, one set of contacts, and one lever. In 
starting (with the lever in the position shown in Fig. 4) the three 
phases are switched in series with each other, and in series with the 
starting resistance E ; the three currents, differing from each other in 
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Fio. 4.— Niethammer*s Arrangement of starting Besistanoes. 



phase by 120°, have a voltage of 2E. With the usual method of 
connection, as in Fig. 3, 3R = 3^ ; with this method of connection 

2E 

2E = -^ . On turning the lever to the contacts b and c, which are 

covered simultaneously, phases I. and II. are connected in series and 
short-circuited, while phase III. is short-circuited in itself. Let r be 
the ohmic resistance of one phase, e the voltage of the rotor when 
running at full load, then the current in the short-circuited phase 

III., ci = . The current flowing through the two other phases, I. 

T 

1*736 
and II , will be 62 = ^3 = -7^ — . Hence the current in the two series- 

connected phases will be about 13 per cent, smaller than that in 
phase III. The motor works nearly as well with this as with the 
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usual connection. For the same outputs the ratio of the slip is in 
the two cases as follows : — 

3ciV : CiV + cir {y^lf = 12:1 

The disadvantage of this method of starting is, that the rotor has 
to be fitted with four slip-rings instead of three as is usually the case. 

Fig. 5 shows another method of starting (patent Goerges — 
Siemens and Halske). While starting, the short-circuit connections 
between the phases (indicated by dotted lines) are broken. The 
winding of each phase of the rotor consists of two parts, one of which 
is wound with twice as many turns as the other, having, therefore, 




Fio. 5. — StartiDg Arrangement for 
Induction Motors. 



Fig. 6. — Torque Curve of Induction 
Motor. 



double resistance. The ratio of the E.M.F.'s induced in the two 

2e 
parts of each phase is — . While starting, the windings obviously act 
c 

against each other, so that the resultant E.M.F. is only 2e — ^ = e. 

By short-circuiting the phases (dotted circle) the windings are 

connected in paraUel. The voltage drop in the two parts of the 

winding of each phase is the same. In the larger part ^ = ^^ ="» 

and in the smaller c = -. 
r 

Finally a method for starting small motors may be mentioned. 

Fig. 6 shows a curve representing the torque T as a function of the 

slip «. From this curve we see that below the maximum torque 
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there are always two values for the slip s corresponding to the same 
torque. This fact is made use of for the starting of small induction 
motors. Well-designed motors should always work far below the 
maximum torque (peak of the curve, shown in Fig. 6) so that they 
should not tend to come out of step if overloaded. Hence for starting 
small motors we must work on that part of the torque-curve which 
ascends with decreasing slip and increasing speed. As the curve 
ascends with decreasing slip, and the motor has always to exert a 
greater torque in starting than in running, it will start well, but 
consume a much larger current than normal, thus requiring a small 
resistance. Owing to the large starting current, this method is 
employed for small motors only. 

The connections for this method of starting are shown in Fig. 7. 
While starting, the ends of the three phases are connected by three 
resistances. To avoid the use of slip-rings, the resistances are con- 





FiG. 7.— -Connections for starting Small Induction Motors. 

nected directly to the ends of the rotor windings. When the motor 
has been started, the three ends of the phases are short-circuited in 
parallel with the rotating resistances. 

The mechanical construction of such a short-circuiting device is 
shown in Fig. 8. By turning the lever to the right, ring A and 
ring B, which is connected with the former by means of a ball 
bearing, are moved to the left. The three ends of the phases are led 
to the springs C, which are insulated from each other. On sliding the 
ring B over the three springs, they are connected with each otherfand 
thus the resistances short-circuited. After the resistances are siiort- 
circuited, ring B rotates with C whilst A is fixed ; hence the two rinc^s 
must be connected by a ball bearing. 

Another short-circuit device, as manufactured by Messrs. Brown 
Boveri & Co., is shown in Fig. 9. The three slip-rings S are 
short-circuited by wire spirals E, which are pressed between the slip- 
rings S by the button at the end of the shaft. 



INSTRUMENTS AND APPARATUS 9 

To reverse the direction of rotation of a multiphase induction 
motor, two phases of either the rotor or the stator must be changed. 
In Fig. 10 a reversing switch for a three-phase motor is shown, with 
which phases II. and III. can be changed. The lever consists of four 
arms, on one of which the changing arrangement is fixed. In the 
diagram (Fig. 10) the switch is shown in the *'ofif" position. On 
turning the arms to a, ai, 02, the rotor is short-circuited ; the same 
is the case in the positions ft, &i, 62- On a, ai, and 02 phase II. of 
the stator is connected with main III., and phase III. with main II. 
On &, &i, &2 phase II. is connected with main II., and phase III. 
with main III. The large number of contacts with these reversing 
switches can be avoided by applying Niethammer's arrangement. 




Fig. 8. 



Fig. 9. 



Single-phase motors without auxiliary winding are not self- 
staxting. To make them self-starting an additional auxiliary field 
must be produced by means of an auxiliary winding, which must act 
at right angles to the main field. The diagram of connections for 
starting such a motor is shown in Fig. 11. During the time of 
starting the two-way switch is in the position shown in the diagram 
in full lines. To produce a rotating field there must be a difference 
of phase between the currents flowing through the two windings ; 
this phase difference can be produced, for instance, by putting a 
choking coQ in series with the auxiliary winding. As it is not 
possible to produce a phase difference of 90° between these two 
currents, the rotating field will not be a perfect one, but will be 
sufficient for starting the motor with a small load. When the motor 
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has got up to speed, the auxiliary winding and the choking coil are 
cut out by switching the two-way switch into the position shown in 
dotted lines in Fig. 11. The auxiliary winding is generally smaller 
than the main winding, as it has to carry the current for a short time 
only. 

The theoretical speed of an induction motor is given by the 
formula — 

n^'M. (1) 

P 

where n stands for the number of revolutions of the rotor per minute, 
/ for the frequency (per second), and p for the number of pairs of 
poles. The actual speed differs, however, from the theoretical speed, 
the difference between the theoretical (synchronous) and the actual 
(asynchronous) speed being termed sUp. According to a funda- 
mental law — 

s =li X 100 (2) 

■*■ « 

where s stands for the slip (in per cents, of the synchronous speed), 




FiG. 11. — Diagram of Connections for starting Single-phase Motors. 

P, for the power lost in the rotor, and P, for the power consumed by 
the stator. It will be seen from this formula that we can increase 
the slip or (what amounts to the same) reduce the speed of an 
induction motor by increasing the loss in the rotor in proportion. 
This can be done by inserting a resistance into the rotor-circuit. The 
larger this resistance, the smaller will be the speed. This speed regu- 
lation is therefore similar to the speed regulation of a continuous- 
current motor by means of a series resistance ; it has also the same 
great disadvantage, viz. that the eflSciency of the motor decreases in 
direct proportion to the reduction of the speed. 

For this speed regulation any starter connected with the slip- 
rings of an induction motor may be used, provided the contacts and 
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resistance wires are of sufficient strength to carry the current for the 
period of speed regulation. 

Another method of regulating the speed of an induction motor is 
to alter the number of poles. From formula (1) it will be seen that 
the speed of a motor is inversely proportional to the number of poles. 
This requires, however, a rather complicated winding and switching 
arrangement, so that this method is not yet employed extensively. 

The speed of synchronous motors cannot be regulated at all, 
except, of course, by altering the frequency of the alternating current, 
as a glance at formula (1) will show. 



2. Measuring Instruments 

The value of a machine test depends largely on the judicious 
selection and the proper use of the measuring instruments employed. 
One must therefore be thoroughly acquainted with the use of these 
instruments necessary in the subsequent experiments. 

Owing to the great extent of this subject, it is impossible to deal 
fully with it in this treatise, but a short description will be given of 
instruments generally employed in the testing of alternating current 
machines. 

The following types of instruments may be classed according to 
the effects of alternating electric currents : — 

{a) Electro-magnetic instniments. 

(6) Electro-dynamic instruments. 

(c) Electro-caloric (hot wire) instruments. 

(d) Electro-static instruments. 

(e) Induction-type instruments. 



(a) Electko-magnetic Instruments. 

For alternating currents only those instruments of class (a) can be 
used in which a current flowing through a coil attracts a piece of soft 
iron, the latter transferring its motion to a pointer. The controlling 
force is in most cases gravity, or the tension of a spring, and in 
some instruments permanent magnets are used. Since the attraction 
or repulsion of the core is not proportional to the distance between 
the core and the centre of the coil, the scale of the instruments is 
not uniformly divided. The force which the coil exerts on the core 
is but very small, so that even with large overloads the instruments 
are not generally destroyed. 

The advantages of these instruments are their simplicity and 
cheapness. 
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On the other hand, these instruments have also great dis- 
advantages. They are influenced by external magnetic fields and 
direct currents flowing in the neighbourhood of the instrument, 
and unless the amount of iron in the moving part is very small, 





Fig, 12.— Electro-magnetic 
iDstrument. 



Fig. 13.— Electro-magnetic 
Instrument. 



the eddy-current losses will cause the readings to differ for 
different periodicities. In using such instruments it is therefore 
recommended to calibrate them for various frequencies. Owing to 




Fio. 14. — Electro-magnetic 
Instrument. 





Fig. 15. — Electro-magnetic Instrument. 



the hysteresis in the iron core, the deflection is not the same with 
increasing as with decreasing current. 

Some of the most important types of electro-magnetic instruments 
are shown in Figs. 12-15. The instrument in Fig. 12 (manufactured 
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by Messrs. Siemens &.Halske) contains a circular piece of soft 
iron, which is drawn within the coil by the action of the current. 
The adjustment of the zero' is made by means of a small weight. 
One of the best instruments of this type, also by Messrs. Siemens 
& Halske, is shown in Fig. 13. The movement of the pointer is 
damped by a disc moving in a tube. 

Another type is illustrated in Fig. 14. In the interior of the 
coil are arranged a fixed curved piece of iron, A, and a movable flat 
piece, N, attached to the pointer. With the passage of the current 
through the coil, A and N become magnetized, and repel each other. 
An instrument depending upon a similar principle is shown in 
Fig. 15, with the addition of an oil damping arrangement. 

Soft-iron instruments must not be placed near machines nor 
cables carrying large continuous currents. If the instruments are 
to be left in circuit continuously, readings should not be taken before 
fifteen to twenty minutes after switching in. They will necessitate 
frequent calibration, and indicate, like all other instruments, virtual 
values of current and voltage. 



(b) Electro-dynamic Instruments. 

Electro-dynamometers are based on the mutual action of currents 
flowing through two coils. The oldest typical instrument of this 
kind (made by Siemens & Halske) is shown in Fig. 16. It con- 
sists of a fixed and >a movable coil, which in the normal position 
are at right angles to each other. Both coils are connected in series. 
When a current traverses the coils, the fields produced are at right 
angles, and hence the coils tend to take up a parallel position. The 
movable coil with an attached pointer will be deflected. By turning 
a milled head a torsion-spring connected with the movable coil is 
stretched until the latter (with its pointer) is brought back to its 
zero or normal position. The milled head is provided with another 
pointer, which indicates on a scale beneath it the angle of torsion 
necessary to bring the coil to zero. This angle is a measure of the 
current strength (or voltage). 

With a careful and correct adjustment the readings of these- 
instruments are very accurate. For practical measurements, however, 
they cannot be used, the adjustments being somewhat troublesome 
(momentary variations of the current cannot be observed at all). 

That this type of instrument is suitable both for continuous and 
alternating currents will be easily understood from Fig. 17, which 
represents a horizontal section through the instrument. With the 
direction of the current as shown in (a) the movable coil is turned 
clockwise. In (6) the direction of the currents is reversed; and 
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here again the movable coil is turned in the same direction as before, 
viz. clockwise. 

For accurate, practical tests on alternating current machines 
instruments are used which are built on the principle of electro- 
dynamometers, but are made portable. These instruments consist 
generally of a fixed solenoid, in which is arranged a movable coil 
made up of aluminium wire. The current is led to and from this 





a 




Fig. 16. — Electro-dynamometer. 



Fig. 17. — Action of an 
Electro-dynamometer. 



movable coil by two non-magnetic springs. Owing to the entire 
absence of iron, these instruments give very accurate readings, which 
are practically independent of the shape of the curve current. 
-The error due to self-induction of the coils is practically negligible. 
An instrument built on this principle by the Weston Company is 
shown in Fig. 18. The scale is, of course, not uniformly divided 
(see Fig. 19), so that for accurate readings within very wide limits 
two or more instruments have to be used. 



i6 TESTING OF ALTERNATING CURRENT MACHINES 



(c) Electro-caloric (Hot-wire) Instruments. 

The principle of these instruments is very simple. The current 
to be measured flows through a wire, heats it and causes it to expand, 
the amount of expansion serving as a measure of the current. When 




Fig. 18.— Weston A. C. Wattmeter. 

the current is large, a shunt is used in parallel with the heated wire, 
so that only a fraction of the current to be measured flows through 
it. Since the length of the hot wire varies with the temperature of 




Fig. 19.— Scale of an Electro-dynamometer (WestoD). 



the air, the zero position of the pointer will be altered too, so that 
these instruments must be provided with a zero adjustment. If the 
current passes through the hot wire for some time, the constant 
of the instrument is altered. 

One of the most frequently used instruments of this type is that 
manufactured by Messrs. Johnson & Phillips (Patent Hartmann & 
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Braun). This instrument (see Fig. 20) consists essentially of a plati- 
num-silver wire, stretched between two terminals, Ti, T2, one of which 
is adjustable. To the centre of the platinum-silver wire is attached 
a much thinner one, B, of phosphor-bronze, which is fixed to a 
stud, T. To the phosphor- 
bronze wire is attached a piece 
of thread, C, which is carried 
round a grooved metal roller, 
E, to which the pointer is 
fixed, the other end being con- 
nected to a flat steel spring, 
S. When the current • flows 
through the platinum-silver 
wire, the sag increases, thus 
enabling the phosphor-bronze 
wire to become more deflected. 
This deflection is transmitted 
from the thread through the Fig. 20.- Principle of Hot-wire Instrument, 
metal roller to the pointer of 

the instrument. The hot wire is fixed on a plate, P, whose co- 
efficient of expansion is the same as that of the hot wire ; thus the 
temperature has but little influence on the readings of the instrument. 





Fig. 21. — Shunted Hot-wire Instrument. 



The wire may be divided into either two or four equal parts, 
arranged in parallel with one another. The object of this arrange- 
ment is to divide up the current passing through the measuring wire 
and thus diminish its resistance. Fig. 21 shows the arrangements 
with the wire divided into two parts. The current enters the 

c 
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wire in the middle, and leaves it again at the ends, as indicated 
by the arrows. Fig. 22 shows the arrangement with the wire 




Fig. 22.— Shunted Hot-wire Instrament, 







Fig. 23.— Hot-wire Voltmeter. 
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divided into four sections. The current enters at two points a 
quarter of its length from either end, and leaves at the centre 
and ends. 

The instrument comes to its final reading somewhat slowly, owing 
to the time taken by the wire to attain a steady temperature, 
which, however, is advantageous in many cases. A damping 
device is attached to the spindle of the needle, consisting of an 
aluminium disc (see Fig. 23) moving between the poles of a strong 
magnet, which, being an eddy-current brake, prevents the needle 
from swinging back too quickly if the current is switched off 
suddenly. 

{d) Electro-static Instruments. 

The principle on which these instruments work depends on the 
electro-static attraction and repulsion between two conductors, one 




Fig. 24.— Electro-static Voltmeter. 

fixed and the other movable, connected with the two points whose 
difference of potential is to be measured. 

An instrument of this kind is shown in Fig. 24. The moving 
part consists of several needles, made up of a number of horizontal 
parallel triangular plates rigidly attached to a metallic rod and 
suspended by an iridio-platinum wire. The fixed part of the instru- 
ment consists of two sets of cells, which attract the needles into them. 
The cells are made triangular in shape, and are spaced by inserting 
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brass plates in slits of a brass block, thus ensuring equal distances 
between them. 

Electro-static instruments have the advantage that they require 
practically no power, and may be used for the highest voltages. An 




Fig. 25. — Electro-static Voltmeter. Fig. 26. — Electro-static Voltmeter. 

instrument for extra high voltages as used for laboratory purposes 
is shown in Figs. 25 and 26. 



(e) Induction-type Instruments. 

These instruments can be used for alternating currents only, and 
depend on the action between a magnetic field and the currents 
produced by this field. 

There are many different principles on which these instruments 
may be built. A few of the most important will be briefly explained. 

Fig. 27 shows the principle of a Ferraris instrument, which is 
nothing but a small induction motor. A light aluminium drum, to 
which a pointer is attached, is arranged within a four-pole magnetic 
system, Y. The drum is kept in position by two springs. The main^ 
current flows through two coils, wound over one pair of opposite poles. 
A branch current, with a choking coil in circuit, flows round the 
other two poles. Thus between main and branch current there is a 
phase-difierence, and a rotating field is produced, which tends to turn 
the drum round its axis. Two powerful magnets, MM, are for the 
purpose of damping the movement of the drum and pointer. 

The exterior of a Ferraris induction ammeter is shown in 
Ficr. 28. 
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Fig. 27. — Principle of Ferraris Induction Instrument. 




Fio. 28.«-Induction Instrument. 
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The principle of an induction-type instrument as built by the 
Electrical Company is shown in Fig. 29. It depends for its action on 




r 
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Fig. 29. — Principle of Induction Instrument (Electrical Co.). 

the screening effect of eddy currents, the torque causing the deflection 
being produced by the mutual action of eddy currents in a light 




Fia. 30. — Induction Instrument. 



metallic pivoted disc, and in a metallic screen which partially shields 
the disc from the magnetic action. 

The instrument itself consists essentially of a magnetizing coil, C 
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(see Fig. 29), which produces a magnetic field in the magnet E con- 
sisting of a number of insulated iron discs. This magnet is provided 
with two metal screening plates, F, which cover the greater part of 
each pole-face, E, and are bent backwards so as to cover their top and 
right-hand side. 

In the narrow gap between the plates FF is a metal disc, D, 




Fig. 31. — Current Transformer. 



mounted on a horizontal spindle, and pivoted in jewelled centres ; 
this disc is provided with a pointer and a balance-weight (not shown 
in Fig. 29). 

The movable disc D is further acted upon by a separate permanent 
magnet, M, the purpose of this magnet being to damp the movements 
of the disc and pointer. 

The action of the instrument is as follows : The lines of force. 
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flowing from one magnet pole to the other, partially cut the stationary 
screens F and the movable disc D (to the left of the screens), inducing 
eddy currents in them. As these currents are induced by the same 




Fig. 32.— Current Transformer, 




Fig. 33.— Current Transformer for Very Large Currents. 
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magnetic field, they flow in the same direction, the consequence 
being an attraction of the disc, as indicated by the arrow. 

Fig. 30 shows the interior of such an induction-type instrument. 
These instruments have the advantage that their readings are practi- 
cally independent of the wave-form of the alternating current. 

With most alternating-current instruments currents up to 50 or 
100 amps, and voltages up to 500, are measured directly ; with volt- 
meters of more than 110 volts a series resistance is generally inserted 
either in the instrument itself or outside of it. Where the currents 
exceed 100 amps, and the voltages 500 volts, measuring transformers 
are generally used. 

A current transformer for comparatively smaller currents is shown 
in Figs. 31 and 32. The two large terminals are connected with the 
mains, the two small terminals with the instruments. With this 
arrangement the instrument has to carry a small current only, and is 




Fig. 34. — Measuring Traiififormer. 

entirely insulated from the main circuit, so that it is very suitable for 
high-tension circuits ; with these, however, the metal case of the 
instruments should always be earthed. 

Fig. 33 shows a current transformer for very large currents. 
It will be noticed that the primary circuit of the transformer 
consists of a straight piece of metal only, which is equivalent to 
half a turn. 

Voltages above 500 may either be measured directly by means of 
an electro-static instrument, or indirectly by means of a measuring 
ti-ansformer. Such a transformer has two coils (see Fig. 34), one 
primary and one secondary, which must be very well insidated from 
each other. On the secondary side any of the instruments described 
may be used. As in the case of the ammeter, the voltmeter-case 
should also be earthed. 

The use of current and voltage transformers has the further 
advantage, that by this means and a voltmeter switch the current in 
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different mains, or the voltage between different points, may be 
measured with one ammeter and one voltmeter respectively. Fig. 35 




Fig. 35.— Connections for reading Three Currents and Three Voltages 
by means of One Ammeter and One Voltmeter. 

shows the diagram of connections for reading the three currents and 
three voltages in a three-phase system by means of two instruments. 
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RESISTANCE MEASUREMENTS 



I. Methods of Measuring Resistances 

The choice of the particular method employed depends upon the 
value of the resistance to be measured. A few of the methods 
commonly used in laboratories and test-rooms will be described here.* 
Naturally resistances are measured by means of continuous currents 
only. 

{a) The Indirect Method. 

If a current, c, of known strength is passed through a conductor 
of unknown resistance, r, 

and the potential difference ^ 

measured on its ends is E, n f 

then by Ohm's law — f"'"">c/ 



E 



r = 



(3) 



The diagram of connections 
for measuring resistances by 
this method is shown in Fig. 36. 



Instruments and Apparatus 
required. 




^NAAAAAAA^ 



Fia. 36. — Diagram of GonnectioDs for Resist- 
anoe Measarement (Indirect Method). 



J = ammeter, reading 50 
per cent, of normal current 
carried by the winding, the 
resistance of which is to be 
measured. 

E = voltmeter, haviug an open scale up to about 10 to 20 per 
cent, of the winding voltage. 

* For farther methods of resistance measurement see Roberts' ** Laboratory Work 
in Electrical Engineering." 

27 
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E = regulating resistance. 

S = main switch. 

Q = source of E.M.F., preferably accumulator cells of sufl&cient 
capacity. 

B = fuse. 

Experiment. — After closing the switch S, regulate the current by 
means of E to about a quarter or one-third of the normal current 
carried by the winding. The ammeter and voltmeter should be 
observed simultaneously and recorded. Eepeat with various currents 
for, say, one-third and one-half normal ; then — 

E 

7» = - 
C 

For exact measurements the current flowing thix)ugh the voltmeter 
must be taken into account ; thus — 

where r, = voltmeter resistance. 

The arithmetical mean value must be taken of the results obtained 
with different currents. 

With this, as with all resistance measurements, the temperature 
of the winding must be considered. The resistance of the winding 
varies with the temperature, hence the latter must simultaneously be 
measured. The temperature of the winding will be practically that 
of the surrounding air if the observations are made quickly and the 
current used is not greater than one-half normal. 

(6) Comparison of Deflection Method. 

If a current, c, of unknown strength, flows through two conductors 
connected in series and having resistances of ri and r^ ohms respec- 
tively, the voltage drop across each of these conductors will be i)ro- 
portional to the respective resistances. 
Since — 

ei = cvi 
and €2 = cr^ 
we have — 

ci: 62 = n: r^ 

If Ti is known, then r^ may be found by the equation — 

'"'' = ^1^ (5) 
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For measuring resistances of windings by this method only the 
value of the standard resistance and the relative voltage drop in the 
armature and standard 

resistance connected Diaqbah of Connbotionb. 

in series are necessary. 

Instruments and 
Apparatus required, 

N = standard re- 
sistance of the same 
order as the resistance 
of the winding. 

R = regulating re- 
sistance. 

E = sensitive low 
reading voltmeter 
(millivoltmeter), or 

G = galvanometer. 

S = main switch. 

U = two way 
double-pole switch. 

Q = source of 
E.M.r. (two or three 
accumulator cells). 

Experirnent — Close switch S, put lever of U to the right, and 
regulate the current by means of R to obtain a sufficiently large 
deflection ; throw the lever of U to the left, and if the deflection is 
now too great, reduce the current by means of the regulating resist- 
ance E. If the armature and standard resistance are about equal, 
the two deflections will be about equal too. After these preparations 
make the experiment with the lever in one position, note deflection, 
then throw over the lever, and observe deflection again. In the 
event of the battery available for this experiment being small, the 
lever should again be turned to the original position and another 
reading obtained. In this case the mean of the first and last readings 
is taken for the particular position of the lever of U. Let ai, a^, and 
03 be the three deflections, r the armature resistance, and N the 
standard ; then — 
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Fia. 37. 



r = N 



6^2 



K^i + ^3) 



{^) 



the deflection a^ corresponding to r. 



30 TESTING OF ALTERNATING CURRENT MACHINES 



(c) Thomson's Double-bridge Method. 

For measuring very small resistances (OOlw and less) neither 
of the methods already described can be expected to give a great 
accuracy. Thomson's double-bridge method is then resorted to. 
For the theory and construction of this instrument the reader is 
referred to any of the special works on this subject ; in the following 
a short instruction for its use only will be given. 

DiAOBAM OF OONNEOnONS. 




Fig. 38. 



Instruments and Apparatus required, 

A complete bridge, consisting of four groups of resistances — n, r^, 
rg, and 7*4, of which n = rg, and r^ = r^. 

An adjustable standard resistance. 

A very sensitive galvanometer. 

Main switch, S. 

Galvanometer key, S. 

Small battery, Q. 

JExperiment — Connect the ends a and b of the main circuit with 
the ends of the winding. The wires and p from the bridge must 
be connected exactly to the points between which thotresistance is to 
be measured. Close S so that the current flows through the standard 
resistance and the winding. By suitably varying the resistances n, 
^2, ^3, and r4, a state of balance is produced in the branches, when the 
galvanometer indicates no deflection on depression of the galvano- 
meter key. Note that ri must always be equal to rs, and r2 
equal to ^4. 
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If no current passes throngh the galvanometer, the armature 
resistance — 



N^=N^* 



n 



n 



(7) 



In this method neither variations of the main current, nor the 
resistance of the galvanometer, have any influence on the measure- 
ment. It is therefore possible to have the galvanometer itself fixed 
up in a special room, whilst the machine may remain in the test- 
room. 



2, Transformers 

The resistance of both the primary and the secondary winding 
should be measured. This measurement is, of course, extremely 
simple. As the resistances of transformer coils of moderate size are 
usually not too small, the indirect method will generally be applied, 
except in the case of the low-tension winding of large transformers. 
It is quite sufficient to test the windings with about one-third of the 
normal current in the case of low voltage, and about one-tenth in the 




case of higher voltages. Great care should be taken to open the main 
circuit very slowly, as otherwise the higl* E.M.F. of self-induction 
produced by suddenly opening a circuit having a large coefficient of 
self-induction might destroy the insulation of the winding. 

In the case of two-phase transformers (which consist commonly of 
two separate single-phase transformers) the resistance of each phase 
should be measured separately. With three-phase transformers the 
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resistances should always be measured between the three main 
terminals. For a star-connected transformer the resistance measured 
will then be equal to twice the phase resistance (see Fig. 39), while 
in the case of a mesh-connected transformer the resistance measured 
is equal to two-thirds of the phase resistance (see Fig. 40). 

To determine the copper-losses in a transformer we may either 
measure the resistances of the coils and find the losses by calculation 
(the currents being given), or we may determine the copper-losses 
directly by experiment, as will be shown later on. 

3. Generators 

For measuring the resistance of the windings of a multiphase 
generator, the connections between the phases need not be broken, 
but the resistances may be measured between the main terminals, as 
in the case of a transformer. The ratio between phase resistance and 
resistance measured will be the same as in the case of a corresponding 
transformer (see Figs. 39 and 40). 

For three-phase generators the measurement is to be repeated 
three times, so that the resistance is measured between any two 
terminals on the machine. 

The resistance of the field-coils of an alternator or synchronous 
motor is generally very small, s6 that with large machines it may be 
necessary to use a double-bridge for measuring it. It is advisable to 
measure both the total resistance of the field winding, and that of the 
single exciting coils ; in this way any fault in the windings (too few 
or too many turns) may easily be found out. 

4. Asynchronous Motors 

The resistances of the stator and slip-ring rotor are measured in 
exactly the same manner as those of generators. The resistances of 
the rotor should be measured between any two slip-rings. Where 
the brushes are made of copper, the contact resistances between the 
brushes and the slip-rings are negligibly small. In these cases it is 
best to measure the resistances between the rotor terminals. With 
carbon brushes, however, the contact resistance should be determined 
separately. For this purpose the resistances should first be measured 
at the ends of the windings, by putting the voltmeter cables on to 
the cable connecting the ends of the windings with the slip-rings. 
Next the resistances should be measured between the brushes, the 
rotor being stationary. Finally, the resistances should be measured 
on the brushes again, the rotor being turned round so that the 
peripheral speed of the slip-rings should be about 6 to 8 feet per 
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second. It will be noticed that this resistance is the highest, as the 
contact resistance between slip-rings and brushes increases with 
increasing speed ; it reaches its maximum for a slip-ring velocity 
of about 6 to 8 feet per second, and remains constant for higher 
speeds. 

By subtracting the resistance found by the last experiment from 
that found by the first one, we get the contact resistance. 

The resistance of a squirrel-cage rotor cannot, of course, be 
measured. A method for determining the copper losses in a squirrel- 
cage rotor will be described later on. 



CHAPTER IV 



MEASUREMENT OF PERIODICITY 



The periodicity or frequency of an alternating current generator per 
second — 



•^ ~ 60 



(8) 



where p stands for the number oi pairs of poles, and n for the number 
of revolutions per minute. 
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Fig. il.— Principle of Resonance Frequency Meter. 

By means of this formula the periodicity of an alternator can 
easily be determined. 

In many cases, however, the generator is not accessible. The 
frequency may then be measured by means of a small synchronous 
motor, which must be self-starting and be coupled to a tachometer. 
The latter may either indicate revolutions per minute, and the 
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Fio. 42.— Principle of Resonance Frequency Meter. 




Fio. 43. — Frequency Meter for Wide Bange. 
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frequency then be found from the speed and the number of poles of 
the synchronous motor; or the tachometer may indicate directly 
periods per second. 
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Fig. 44. 




Fig, 45. — Frequency Meter. 



For measuring the periodicity in any alternating circuit the 
principle of consonance (or resonance) may be used. The principle 
of this method is shown in Fig. 41 ""' ' * " 



The steel-tongue in front of 



^^ 





Fig. 46. — Diagram of Connections for measuring Slips by means of a 
Frequency Meter. 
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Fio. 47. — Besonance Tachometer, 
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the electro-magnet, through which the alternating current is flowing, 
will vibrate if its period of natural vibration is a multiple of the 
frequency of the alternating current. Thus if a number of tongues 
of different lengths are placed before this magnet, that tongue will 
swing the period of natural vibration which corresponds to the 
frequency of the alternating current. 

Fig. 42 shows the construction of an apparatus for a wide range. 
There aie two rows of forks, one for higher, the other one for lower 
frequencies. The magnet is moved until one of the forks is set into 
violent vibrations ; the periodicity can then be read on a scale in 
front of the forks. 

A direct-reading instrument for laboratory purposes is shown in 

Fig. 43. This instrument has a 
wide range (from 70-130). The 
frequency can be read to one 
period per sec. (in the instru- 
ment shown it is 122). It can, 
however, be estimated to frac- 
tions of a period, merely by 
judging from the relative vibra- 
tions of the forks on the left 
and right hand respectively. 
This will be seen clearly from 
Fig. 44, which shows how frac- 
tions of a period may be deter- 
mined. 

For switchboards a small 
range is sufficient, as shown in 
Fig. 45. 

The same instrument may 
be used for the measurement 
of slip in an induction motor. 
The instrument is, for this 
purpose, provided with one set 
of tongues and two electro- 
magnets. One of these is con- 
nected to the stator circuit, thus indicating the frequency of the 
stator ; the other magnet is in circuit with a contact maker and a 
battery (see Fig. 46). The contact maker has as many contacts as 
there are poles on the motor. The distance between the two 
vibrating forks indicates directly the slip of the motor. This arrange- 
ment has the great advantage that it indicates momentary variations 
of the slip. 

A similar contact disc in connection with a frequency meter may 
be used as tachometer. The contact disc may either be fixed 




Fig. 48. — Resonance Tachometer. 



MEASUREMENT OF PERIODICITY 39 

directly on the machine the speed of which is to be measured, or 
may be driven by belt, etc. (see Fig. 47). 

With the direct-reading tachometer (see Fig. 48) the contact 
disc is avoided. This instrument contains nothing but a permanent 
rotating magnet-system and a number of steel forks. It has the 
advantage that it consumes only very little energy. 



CHAPTER V 

MEASUREMENT OF SLIP 

As we know^ the action of an induction motor depends upon the fact 
that the speed of its rotor is smaller than that of the rotating field. 
Let the former be Ur, and the latter be n, revolutions per minute, 
then the diflference between these two speeds, the slip — 

= S = ~ as a fraction . . (9) 

or — 

Ur = n,(l - S) (10) 

Commonly the slip is multiplied by 100, and thus expressed in 
per cents. 

In the testing of induction motors the slip is a quantity of con- 
siderable importance ; for its measurement several methods may be 
employed, which can be classified as follows : — 

1. Direct method. 

2. Contact methods. 

3. Measurement of frequency of rotor current. 

4. Optical methods. 

Only the more important, practical methods will be described 
here. 

I. Direct Method 

Let/, be the frequency of the stator,/,. the frequency of the rotor, 
n, be the speed (revolutions per second) of the rotating field, Ur that 
of the rotor ; then — 

«.=-| (11) 

where p = number of pairs of poles of the induction motor. 

For measuring directly the slip of an induction motor, we have 
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thei-efore to measure the frequency of the stator current (for measure- 
ment of frequency see Chapter IV.) and the speed of the rotor. This 
latter may be measured by any of the methods described in Chapter 
VI. With small motors one of the optical methods must be 
employed, as otherwise the energy absorbed by the speed counter or 
tachometer would alter the slip, and thus give a wrong result. 

From the frequency and the rotor-speed the slip can then be 
calculated by means of formula. 

The measurement of slip is considerably simplified if the generator 
and the motor can be got at simultaneously. In this case the 
generator and motor speed need only be measured. If the number 
of poles on the generator be the same as that of the motor, the slip 
will be equal to the difference between the two speeds measured ; 
otherwise the two speeds must be reduced to the same polarity. 

Though this method is extremely simple, and requires nothing 
but two accurate speed counters, it is obvious that it is not very 
reliable. The speeds measured are 
very nearly alike (the slip being gene- 
rally very small), and a very small 
error in the measurement of the speed 
will cause a great error in the 
measurement of the slip. For large 
slips, however, it may be employed 
with advantage and a fair accuracy. 

2. Contact Methods 

There are several contact methods, 
the first one being devised by W. H. 
Browne, jun., the second by S. Leibt 
and B. F. Bailey. 

The first method* is illustrated 
in Fig. 49. The revolving contact 
makers are attached, one to the motor 
shaft and one to the generator shaft 
(or to a synchronous motor having the 
same number of poles as the induction 
motor and fed from the same circuit). 
The contact maker on the generator 
makes contact once for each revolu- 
tion of the motor if driven at synchronous speed. That on the motor 
makes contact for each actual revolution of the motor. The two 
instruments are connected in series in circuit with a single-stroke 
bell and battery. 

♦ See Meetricdl World and Engineer, Vol. xxxvi., No. 15, p. 574. 




Fig. 49. — Diagram of Connections 
for Slip Measurement. 
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The action is as follows : Let the two contact makers be in such 
a position that contact is made by both at the same instant. The 
circuit will then be closed, and the bell will strike. Let the motor 
slip be 2 per cent., then, when the generator has made one revolu- 
tion, the motor will have remained back 2 per cent., and the two 
breaks in the circuit will not be closed at the same instant. Conse- 
quently the bell will not ring. When, however, the generator has 
made fifty revolutions, the motor will have made exactly forty-nine ; 
the two contacts will pass under the brush at the same instant, 
closing the circuit, and the bell will ring again, indicating one slipped 
revolution. 

If the slip be something more or less than a whole number of 
revolutions, the two contact strips will come into phase at some point 
of the revolution not under the brushes, and may be out of phase 
again when passing under the brushes, failing to ring the bell. 
Suppose the maximum slip of the motor is 5 per cent., and let the 
contact strips on the motor contact maker be a little more than 5 per 
cent, of the circumference. Since the motor loses, at the most, one- 
twentieth of a revolution while the generator makes one complete 
revolution, it will take a little more than one revolution of the gene- 
rator for its contact strip to pass that on the motor, and the bell will 
always ring when the motor has lost one revolution. If the actual 
slip is 1 per cent., the circuit will be completed once in each revo- 
lution for five consecutive revolutions before the strips are far enough 
apart to make contact at the same time. There will then be a pause 
during ninety-five revolutions, and then four or five more rapid 
strokes. If the slip is 2 per cent., there will be two or three strokes 
close together every fifty revolutions, each group indicating one 
slipped revolution. 

In order to measure the slip, find, with a stop-watch, the time 
during which the motor loses some convenient number of revolutions. 
The time measured from the first stroke or group of strokes to the 
m -j- 1st, will be that during which the motor loses m revolutions. 
Let this be x seconds. If the motor be a 2^pole, /-cycle machine, 

the synchronous speed will be £ revolutions per second. 

P 
The revolutions slipped per sec. will then be — 



m 

X 



(12) 



or, expressed as a percentage - 



3% = ^x^XlOO (13) 
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"With the arrangement shown in Fig. 49 the time of contact is 
so short that a fairly high voltage (battery) is required to overcome 
the self-induction of the bell-circuit, and cause the latter to ring. 
Undue sparking also takes place, which sometimes makes the ringing 
of the bell uncertain. 

With the following modification all these difl&culties are avoided, 
and the ringing of the bell insured with but little attention. 

The action of the contact makers is reversed, as will be seen from 
Fig. 50. They are constructed so as to break the circuit during a 
short period only of the revolution. 
They are connected in parallel, and 
the bell arranged so as to ring by the 
action of the spring when the circuit 
is broken. The action is analogous 
to that described above. Now, how- 
ever, the bell rings only when the 
circuit is open simultaneously at both 
contact makers. To insure a ring 
every time one revolution is lost, the 
break in one contact maker must be, 
in per cent, of the circumference, 
somewhat greater than the maximum 
slip which is to be measured. 

With this arrangement burning 
at the contact maker due to sparking 
has no eflfect. The action of the 
spring is certain, and the contact 
makers required are very simple in- 
deed, a piece of copper wire with a 
small segment cut out and fastened 
on a disc of wood being sufficient. 

Another contact method, in which 
only one contact disc is used, is the 

following : * One point of the mains, from which the motor is fed, 
is led to a voltmeter, from there to a contact-disc on the motor- 
shaft, and back to the same phase. The voltmeter may be shunted 
by a condenser, but, if sufficiently sensitive, may be used alone. The 
contact maker may be the kind usually employed in tracing curves 
of E.M.F. and current, or it may be some more simple device, since 
the point at which the contact is made need not be changed. Neither 
is it essential that the duration of contact be short. In fact, any 
length of contact is permissible, provided it is not an exact multiple 
of a complete wave period. 





Fig. 50. — Diagram of Connections 
for Slip Measurement. 



* See ElektrotechnUche ZeitschH/t, 1901, p. 197, and EUctrical World and Engineer. 
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The theory of this method is very simple. If the machine were 
a synchronous motor, contact would always be made in the same 
part of the wave, and the voltmeter would assume a steady deflection. 
But the induction motor slips continuously from synchronism, and, 
consequently, each successive contact is a little later in the wave 
than the previous one. The voltmeter, therefore, takes up a slow 
oscillation around the zero point, the frequency of vibration depend- 
ing upon the amount of slip. Each complete double oscillation 
indicates a slip behind synchronism equivalent to one wave of the 
alternating current, and shows that the rotor is behind the position 
it would have occupied had it been a synchronous machine by the 
angle of a pair of poles. To get the percentage of slip it is necessary 
only to observe the frequency of vibration of the needle of the voltmeter 
by counting the time required for a given number of swings. This 
frequency, divided by the frequency of supply, is the fractional 
slip. The main (applied) frequency may be obtained from the speed 
of the generator, if this is available, or the speed of the motor in 
revolutions per second, multiplied by the number of pairs of poles, 
will give what would be the frequency if the motor were a synchronous 
one. The slip in cycles per second being added, the frequency of 
supply is obtained. 

A slight modification of this method consists in using a telephone 
receiver in place of the voltmeter. The ticks heard will increase and 
decrease in intensity as the point of contact changes. In this case 
two maxima of sound are necessary to complete a cycle, and the 
slip is obtained in the same way as described above. At first sight 
it might appear that the vibration of the pointer of the voltmeter 
would be too rapid to be counted readily. A slip of 5 per cent., 
however, which is fairly high for even small motors, means only 
60 x005 = 3 vibrations per second, which can be easily counted. 



3. Measurement of Frequency of Rotor Current 

If the rotor of an induction motor is running synchronously, 
i.e. with the same speed as the rotating field, there will obviously 
be no E.M.F. induced in the rotor winding, since the relative speed 
between rotating field and rotor is zero. Supposing, now, that during 
an interval of one minute the number of revolutions of the rotor 
was smaller by one than that of the rotating field, then the relative 
speed between the two would obviously be one, and an alternating 
current of one period would be induced in the rotor. Thus we see 
that the periodicity of the rotor current is equal to the slip of the 
motor expressed in periods. 
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We can, therefore, obtain the latter by measuring the periodicity 
of the rotor current. The simplest way to do this is to insert an 
ammeter of very low resistance into the rotor circuit, as indicated in 
Fig. 51. If the instru- 
ment used be a De- 
prez ammeter with a 
zero in the middle, 
then the motion of 
the pointer from zero 
to, say, the left, back 
through zero to the 
right, and back to 
zero, would indicate 
one complete period, 
i.e. one slipped tour 
of the motor, for the 
time taken for the 
motion of the pointer. 
In this way the slip 
for any time or in 
per cent, may be 
found. 

This method, 
though very simple, 

has the great disadvantage that it alters the running conditions of 
the motor and also the slip. With small motors the error thus 
involved may not be very perceptible, but with large motors it 
may sometimes be as much as 10 to 20 per cent. 

To avoid this source of error, M. von Hoor * has modified this 
method. Instead of measuring the pulsations of the current by an 
instrument inserted in the circuit, it is measured indirectly by means 
of a small coil, which is placed in the field around one of the 
connections between slip-rings and starter. For this purpose a coil 
may be used, having an external diameter of about 6 to 7 cm., and 
containing 300 to 400 windings of fine copper wire. The ends of this 
coil are connected with a sensitive telephone receiver, and each slip 
is noticed as a sharp knock. 

The intensity of the sound in the telephone may be increased by 
turning the connecting cable (between rotor and starter) in one or 
several turns round the induction coil. 

To measure the slip of a short-circuit motor, with a minimum of 
external resistance, the terminals of the rotor circuit may be short- 
circuited by a Q-shaped copper-strip, and the coil placed above it. 
With some practice 400 to 500 pulsations per minute can in this 

♦ Zeiischri/t/ur Elektrotechnik, 1899, p. 211. 



Fig. 51.— Measurement of Slip by means of Ammeter 
in Rotor Circuit. 
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way be easily counted, so that with a motor for 50 periods slips of 
6 to 8 per cent, can be determined. 

Instead of a telephone a sensitive electro-dynamometer or other 
suitable instrument may be used Better still, a telephone and an 
instrument may be connected in parallel, and both used simul- 
taneously. It will be foxmd that this makes the observations much 
easier and more reliable. 

The disadvantage of this method is, that it can be used for slip- 
ring motors only. Dr. Rosenberg* has, however, shown that this 
method may also be applied to squirrel-cage rotors. Instead, of 
placing the induction coil near one of the leads between slip-rings 
and starter, it may be placed anywhere near the sides of the rotor. 
The telephone will then produce the same sound as before. This is 
explained by the irregular stray-field near the rotor, caused by the 
slightest eccentricity of the latter or the rotor winding. 



4. Optical Methods 

The optical (stroboscopic) methods are the most simple and easily 
applicable. The most convenient device is the following : — 

A disc with black and white sectors, the numbers of which should 
be equal to the number of poles of the motor, is fixed on the shaft 
end of the rotor, and illuminated by an arc lamp or a thin filament 
glow-lamp run from the same supply as the motor. If the rotor 
speed is synchronous, the disc will seem to stand still. If, however, 
the rotor speed remains behind synchronism, the disc will' be seen as 
if slowly rotating in a direction opposite to that of the rotor. The 
slip of the rotor is given directly by the number of apparent revo- 
lutions of the disc, the time being measured on a stop-watch. 

The slip-meter devised by Benischkef depends on the same 
principle. It consists (see Fig. 52) of a small synchronous motor, 
which is self-starting and comes into step very quickly. On one 
shaft end is fixed a disc, in which a number of sectors is cut out ; 
on the other end is fixed a speed counter with jumping figures, which 
can be started and stopped by means of a small lever H. The motor 
under test is provided with a stroboscopic disc. According to 
formula — 

S% = ^^^^^ X 100 (14) 

n, — Ur is equal to the apparent revolutions of the stroboscopic disc, 

• ZeiisehriftfUr EUktrotechnik, 1899, p. 827. 
t Elektroteehnhche ZeiUohHft, 1904, p. 392. 
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and n, can be read off the speed counter directly, provided that the 
motor under test and the small auxiliary motor have equal numbers 
of poles. Otherwise n, must be reduced or increased in the ratio of 
the numbers of poles. The product of the numbers of sectors by the 
number of poles must be the same for both discs. For large slips 
discs with a single sector only should be used. 

As far as accuracy is concerned, the stroboscopic method is the 
best. It has, however, two disadvantages : first, that with small 



Fig. 52.— Slip Meter. 

motors, where the slip is comparatively large, it becomes difficult 
to follow the rotations of the disc, even if the latter has only one 
sector ; secondly, that since the counting has to be done over a 
definite time, the load on the motor has to be kept steady during that 
time, which is sometimes inconvenient, sometimes impossible. 

Finally, a few modifications of the stroboscopic method and a 
direct-reading slip indicator devised by Dr. Drysdale may be 
described.* 

In the first of these modified apparatus a pinion gears into a 
wheel having five times the number of teeth. The shaft of the 

♦ See Electrician^ 1905, p. 737. 
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pinion carries the usual disc with black sectors equal in number to the 
number of poles of the motor under test, while the wheel shaft carries 
a second disc with five times the number of radial arms. The whole 
arrangement may be very small, and when the pinion is run from the 
motor shaft the slip is counted on the first disc in the ordinary way. 
When the slip is too great to be conveniently followed on the first 
disc, the number of revolutions of the second disc is counted, and 
this multiplied by five gives the slip. It is, however, somewhat 
difficult to follow the second figure on account of the large number 
of sectors. 

Another device consists of two wheels having numbers of teeth 
in the ratio of nine to ten, each bearing a disc with the same figure. 

With no slip the 
figure on the first 
disc would appear 
stationary, while with 
10 per cent, slip the 
second would appear 
fixed. As the slip 
f^ets greater the revo- 
lution of one figure 
gets greater and of 
the other less, and 
one of them can be 
easUy followed. 

Although either 
of the above devices 
enables the slip to be 
observed over a long 
range, they are yet 
troublesome, in that 
the number of revolu- 
tions have to be counted. With the direct-reading slip indicator 
described in the following these troubles are avoided. As shown 
in Fig. 53, it consists simply of a conical roller of wood, which 
rotates with the motor, and upon which rests a pivoted disc, which 
rolls upon the surface of the roller. The disc can be traversed along 
the whole length of the roller by a screw and guide, while its position 
is indicated by a scale. In order to arrange for both positive and 
negative slips to be read, the diameter of the disc is made inter- 
mediate between the diameters of the two ends of the rollers. By 
attaching a disc of paper with black and white sectors of numbers 
equal to the polarity of the motor to be tested to the pivoted disc, 
and illuminating it with an arc or glow lamp from the source of 
supply, the disc can be traversed along the roller until the figure 



Fig. 53.— Slip Indicator. 
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appears stationary. To enable the readings to be taken with the 
<»reatest possible convenience, the scale may be made direct-reading. 
If D is the diameter of the disc, di and d^ the diameters of the small 
and large ends of the roller respectively, I the length of the roller, n, 
and Tiy the synchronous and motor speeds respectively, and x the 
distance of the disc from the position corresponding to no slip, we 
have — 



and — 



slip % = S = 100(71, - n,)^ . . . (15) 






from which x can be calculated for various positive and negative 
values of the slip and the scale divided off. 

In order to set the zero of the scale accurately, and check the 
calibration if desired, the simplest plan is to attach a second disc to 
the end of the roller shaft with radial slits in it. If the roller is then 
run by a motor at any speed, and the rolling disc is observed through 
the slits, or by means of a lamp behind the slotted disc, the figure on 
the rolling disc is seen, and the zero of the scale is set to the position 
where the figure remains stationary. If, then, a counter is attached 
to the roller shaft and the disc traversed to any reading of the scale, 
we have only to count the number of revolutions of the figure while 
the roller makes, say, 1000 revolutions to get the actual slip, which 
may be compared with the scale reading. 

The only precautions necessary in the construction of this device 
are to see that the roller is turned truly conical, that it has no end 
play in the bearings, and that the disc rolls freely on the roller 
without shaking or slipping. To check the latter point the figure 
may be made to appear stationary, and the lever supporting the disc 
lightly pressed on with the finger. If this makes no difference to 
the reading, the disc is running without slip. 

The principal advantages of this device are that it is applicable to 
all motors by simply changing the figure on the disc, that no time is 
lost in counting, that no calculation or knowledge of the synchronous 
speed is necessary, and that on an unsteady brake the observer can 
watch the fluctuations and observe the slip at the moment the 
balance is correct. 



CHAPTEK VI 

THE MEASUREMENT OF POWER FACTOR AND POWER 

The power consumed by an alternating circuit — 

P = EC cos ^ (17) 

where E is the virtual voltage, C the virtual current (both measured 
by an alternating current voltmeter and ammeter respectively), and 
cos ^ the power factor of the circuit, ^ representing the angle of 
displacement (or phase difference) between voltage and current. 

According to formula (17) the methods for measuring the power 
factor and the power in an alternating current circuit are identical, 
since (E and C always being known) P may, be found from cos 0, 
and vke versa. In the following we will, therefore, only consider 
the methods for measuring power. 

The power in an alternating current circuit may be measured in 
two different ways : — 

(1) Indirectly, by determining the phase difference between 

current and voltage. 

(2) Directly, by means of a wattmeter. 

I. Indirect Methods for Measuring Power 

TEere are a few methods of measuring indirectly the power 
absorbed in an alternating current circuit; of these methods the 
three-voltmeter method devised by Professor Ayrton, and the three- 
ammeter method devised by Professor Fleming, will be described 
here. 

(a) Three- Voltmeter Method. 

Instruments and Apparatus used, 

M = machine or apparatus, the power consumption of which is 
to be measured (inductive load). 

50 
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E = regulating resistance (must be non-inductive). 
S = main switch. 
Vi» ^2, Va = voltmeters. 
A = main ammeter. 

Instead of using three voltmeters, one instrument may be used 
with a three-way voltmeter switch. 



Diagram or Oonneotio^ts. 




Fia. 54.— Connections for Three- voltmeter Method. 



EixypeHment, — Close the main switch S, measure the current 
flowing in the circuit by means of A, and read simultaneously the 
voltages on the three voltmeters 
Vi, V2, and Vs, calling them ^i, e^, 
and 63 respectively. From these 
readings the voltage diagram may 
now be plotted as follows (see Fig. 
55):— 

Plot first the current C on a 
vector, then e^ will obviously be on 
the same vector, as there is no 
phase difference between current 
and voltage in the resistance R, the 
latter being non-inductive. The 
resultant voltage, ei, and the voltage 
across the machine, e^, are now 
plotted as the two other sides of 
the triangle, and thus the angle 0, being the phase difference between 
voltage and current in the machine M, is obtained. Let P be the 
power absorbed in M; then — 




Fig. 55.— Voltage Diagram. 



P = egC cos , 



(18) 
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and — 



P = «8 p COS 



thus — 



V = ^ie^<^-e,^-e,^) 



(19) 
(20) 



It will be seen, that for measuring the power by this method 
apart from the voltmeter readings, the current c must be measured, 
unless the value of the resistance E is accurately known. ^ 

Obviously this method will give reliable results 'only if the 
angle is sufficiently large, or, in other words, if the resistance E 
can be made large enough. If this is not possible, the measurement 
of power by this methwi is rather unreliable. Besides, it has .the 
disadvantage that the machine M can only get a part of the main 
voltage. 



(6) Three-ammeter Method. 

Diagram op Connections. 

A, 

-0- 




Fig. 56. ~ Connections for Three-ammeter Methods. 



Instruments and Apparatus used. 

M = machine or apparatus, the power consumption of which is 
to be measured (inductive load). 

E = regulating resistance (must be non-inductive). 
S = main switch. 

Ai, A 2, As, ammeters. 

V = voltmeter. 

Experiment, — Close the main switch S, and observe the readings 
on both the ammeters and the voltmeter. The resistance E should 
be adjusted so that the current flowing through it should not be too 
small compared with the current Sowing through M. Let the 
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respective readings on the three ammeters be ci, c^, and c^, that on the 

voltmeter e, then the diagram may be plotted as shown in Fig. 57, 

where c^ is in phase with e, as 

there is no self-induction in the 

resistance E. From this diagram 

the phase difference between the 

main voltage and the current 

flowing is obtained, or may be \ \^, 

calculated from the formula — 



^"2V *^ c^ ) 



or — 



P = |(Cl2 - ^^ - ^3^) 



(21) 



(22) 




Fio. 57. — Current Diagram. 



Thus if the resistance R be 
accurately known, it is not 
necessary (though advisable) to measure the voltage e. This method 
has an advantage over the three-voltnleter method, inasmuch as the 
machine or apparatus M is connected to the full terminal voltage. 
Neither of the two methods is, however, extensively used for practical 
purposes. Where accurate measurements are required, wattmeters 
should be used. 



2. Measurement of Power in Single-phase Circuits 
by Means of Wattmeters 

The wattmeter depends for its action on the principle of the 
dynamometer (see Fig. 17). It consists essentially of a fixed coil, 
which is made up of a few turns of thick wire (carrying the main 
current) and of a movable coil, consisting of many turns of fine wire, 
which is shunted to the machine or apparatus the power consumption 
of which is to be measured. This second coil is in series with a very 
high resistance. The higher this series resistance, the more accurate 
will the reading of the wattmeter be, since this resistance will obvi- 
ously reduce the phase difference between the main voltage and the 
current flowing through the shunt coil. It must be remembered that 
the phase difference in an alternating current circuit is — 



tan 6 = —^^— 

^ T 



(23) 



where/ stands for the frequency, L for the coefficient of self-induction, 
and r for the resistance. Thus, in order to reduce the phase difference 
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in the shunt circuit of the wattmeter to a minimum, we must increase 
r as far as possible. To avoid at the same time an increase of L, the 

series resistance should be 
doubly wound (i.e. back on 
itself). Another condition 
for reducing the error of 
such an instrument to a 
minimum is, that no metal 
should be used in any part 
of the instrument, not even 
in the case. 

To keep the fixed and 
the movable coils always 
at the same position at 
right angles to each other, 
so that their repelling 
action cannot be weakened, 
the movable coil has always 
to be turned back to its 
original position. For this 
purpose, in the centre of 
the dial there is a milled 
head, with a spiral spring 
attached to it and to the 
movable coil (see Fig. 58). 
The stronger the repelling 
force, the greater is the 
angle we have to twist the 
spring through by using 
the milled head in order to turn the movable coil back to its zero 
position. The head has a pointer attached to it, so that we can read 
on the dial how much we have turned the head, and hence how great 
is the torsion of the spring. The dial being usually divided into 
360 degrees, it is necessary to calibrate the instrument. This may be 
done with a continuous current by sending a current through the 
main coil and connecting the movable coil to any voltage; the 
voltage and current should be measured by precision instruments. 

The force with which the movable coil is repelled or attracted by 
the fixed coil depends with alternating currents at any moment 
on the instantaneous values of voltage and current. Since, as we 
know, the product or instantaneous voltage by instantaneous current 
is really equal to the instantaneous power, the wattmeter will at any 
moment indicate in a direct manner the watts supplied by an 
alternating current circuit. 

It is obvious that a certain voltage drop will take place in the 




Fig. 58. 
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main coil, and a certain current will be consumed by the shunt coil 
and series resistance, however small they may be. To account for 
this, the best makes of wattmeters are provided with compensation 
coils, which can be switched in or out at will. If there be no com- 
pensation coil, and the internal connections will allow of it, the 
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Fig. 59.— Connection of Wattmeter for Large Voltage 
and SmaU Current. 



instrument is best connected up in the manner shown in Figs. 59 and 
60 for the cases stated under each. This is assuming, of course, that 
the connections can be so made that the deflection is over the scale. 
For practical testing in test-rooms the wattmeter, as shown in 



■jVVWVV*- 



FiG. 60. — Connection of Wattmeter for Large Current 
and SmaU Voltage. 



Fig. 58, is not suitable, as it requires some time for adjustment, 
and the taking of one reading requires comparatively much time. 
Commonly direct-reading instruments are used, of which several 
types are shown in Figs. Gl-63. In the instrument shown in Fig. 
61 the current coil consists of four parts, which may be switched 
either in series, in parallel, or in series -paiallel, so that the instrument 
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may be used for three different ranges. The connections between 
these coils are effected simply by turning a milled head (at the left 




Fig. 61.— Wattmeter, 
side of the instrument). The scale of this and of most of the other 




Fig. 62.— Wattmeter. 



instruments is divided into degrees; the readings are then determined 
according to the current and voltage range of the instrument. 
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Supposing, for instance, that the scale of such an instrument was 
divided into 100 divisions, and we used s the 100-amps. and 250- volt 




Fig. 63.— Wattmeter. 



range, then the instrument will obviously read 250 x 100 = 25000 
watts across the scale, so that one division represents 250 watts. 
The instruments may be provided with one or more multipliers 




Fig. 64. — Connection of Wattmeter for Large 
Currents. 

for various volt-ranges ; for lower voltages (commonly up to 250) the 
multipliers are arranged in the interior of the instrument, while for 
higher voltages separate resistance boxes are used. 
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For larger currents the current-coil in the instrument would 
become too bulky ; current transformers are then used, as indicated 
in Fig. 64, while for high-tension circuits both current and voltage 
transformers are used, as indicated in Fig. 65. This arrangement 




Fig. 65.— Connection of Wattmeter for Large Current and 
High Voltage. 

should be made even if the current measured is only small, as it 
insures a safety for the operator. A complete set, including the 
instrument, is shown in Fig. 66. 

The wattmeters built by various firms differ, of course, in shape 




Fig. 66. — Combined Volt and Ammeter with Current and Voltage 
Transformer. 



and construction ; as a rule directions for their use are supplied with 
the instruments, in which attention is also drawn to the special 
features and conditions to be observed when using the instrument. 
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3. Measurement of Power in Multiphase Circuits 
by Means of Wattmeters 

To measure the power in a two-phase system with either three 
or four mains, two wattmeters must be used. The diagram of con- 
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Fio. 67. — ^Measurement of Power in a Two-phase Circuit 
by means of two Wattmeters. 

nections is shown in Fig. 67 for a four-wire system, and in Fig. 68 







T 

J 



Fia. 68. — Measurement of Power in a Two-phase 
by means of two Wattmeters. 



for a three-wire system. If in a three-wire system the two-phase 
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are equally loaded, which is generally the case if the load consists of 
motors onlyy one wattmeter is sufficient (see Fig. 69). The readings 
on this wattmeter must then be multiplied by two, in order to obtain 
the total output of the system. 
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Fig. 69.— Measurement of Power in a Circuit 
Balanced Two-phase Circuit. 

In the case of a three-phase system we have to consider two cases. 
Either the loads are alike in all phases, or they are different. 




Fig. 70.— Measurement of Power in a Balanced Three-phase 
Circuit. 



If the loads are alike in all phases, and the system is star-con- 
nected with available neutral wire, one wattmeter is sufiicient to 
measure the power. The instrument is then connected up as shown 
in Fig. 70, and the total power is equal to three times the power 
measured on the wattmeter. Should, however, the neutral point not 
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be available, then we may proceed in two ways. We may connect 
one wattmeter as shown in Fig. 71 ; the total power in this case will 
be equal to -y/3 times the reading on the wattmeter. We may, how- 
ever, also create an artificial star-point, by connecting three resistances 




Fig. 71. — Measurement of Power in a Balanced Three-phase 
System. 

of a high order and absolutely equal to each other, as indicated in 
Fig. 72, and connect the voltmeter coil between the so created 




Fig. 72. — Measurement of Power in a Balanced Three-phase System. 

neutral point and one of the mains. The total power will then again 
be equal to three times the power read on the wattmeter. 

In the case of a mesh-connected system (with equal loads in all 
phases) where it is possible to introduce a current coil into one of the 
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three circuits of the generator, motor, or transformer, the connections 
may be made as shown in Fig. 73. The total power is equal to 
three times the power reading of the wattmeter. Where it is im- 
possible to introduce a current coil into one of the phases of the 




Fia. 73.— Measurement of Power in a Balanced 
Three-phase Mesh System. 

machine or apparatus, the wattmeter may be connected up as shown 
in Fig. 74, when the total power will be equal to \/2> times the 
wattmeter reading; or again, an artificial star-point may be created, 




Fig. 74. — Measurement of Power in a Balanced Three-phase 
Mesh System. 



and the voltage coil be connected to one of the mains and this 
artificial star-point (total power = three times wattmeter reading). 

As a rule, the loads in the three phases are not absolutely alike, 
and in such cases either two or three wattmeters must be used for 
measuring the power accurately. 

Fig. 75 shows the connections for an unbalanced star system 



MEASUREMENT OF POWER FACTOR>ND POWER 63 

with neutral point available. The total power is equal to the sum of 
the readings on the three wattmeters. Where the neutral point is 
QOt available, it must be created; if the multipliers of the three 




Fig. 75. — Measureroent of Power in an Unbalanced Throe-phase System with 

Neutral Wire. 

wattmeters used have the same resistance, it is not necessary to 
provide extra resistances, but the ends of the three multipliers may 
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Fig. 76. — Measurement of Power in an Unbalanced Three-phase Star System with 
Artificial Neutral Point. 

be connected together as shown in Fig. 76. The total power is 
obviously again equal to the sum of the readings of the three watt- 
meters. 
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For the measurement of power in an unbalanced mesh- connected 
system, in which it is possible to introduce a current coil into each 




Fia. 77. — Diagram of Connections for measuring Power 
in an Unbalanced Mesh System. 

of the three phases, the connections may be made as shown in Fig. 
77. Where it is impossible to introduce the current coils into the 




Fig. 78. — Diagram of Connections for measuring Power in an 
Unbalanced Mesh System (Artificial Star-point). 



three phases, an artificial star-point must be employed. The con- 
nections are then made as shown in Fig. 78. 

Another method of measuring the power in an unbalanced three- 
phase system, whether mesh or star connected, is that by means of 
two wattmeters. The two wattmeters are connected up as shown in 
Figs. 79 and 80. The two current coils are inserted into any of 
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the three mains, while the ends of the voltmeter coils are joined 
together and connected to the third main. The total power absorbed 




Fig. 79.— Two-wattmeter Method. 



or produced is then equal to the sum of the readings on the two 
wattmeters. 




Fig. 80.— Two-wattmeter Method. 



That it is immaterial with this method whether the three phases 
are star or mesh connected is easily shown. 

Let ci, C2, and Cq be the instantaneous currents, and «i, 62, and 63 
the instantaneous voltages in a three-phase star-connected system 
(see Fig. 81) ; and let the currents be positive when flowing from the 

F 
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left to the right, and the voltages positive when acting away from 
the neutral point (thus in Fig. 81 all the currents and voltages 




arc indicated positive). The total instantaneous power is always 
equal to the sum of the powers in the three phases ; thus — 



wliere — 
thus — 



Pi = Ci^i, p2 = ^2^2, Ps = CqCq 



P = cici + c^^ + ^363 (24) 

According to a definition of a three-phase current — 
ci + C2 + C3 = 
hence — 

C3 = w ^1 - ^2 

Substituting this value for C3 into equation (24), we get — 

P = CiCi + C2C2 - c^{cx + C2) 

and — 

P = ci(ci - C3) + ^2(^2 - ^3) . . . . (25) 

If, now, the two wattmeters in Fig. 81 are connected so that 
when the currents through their main coils have the directions 
indicated by the arrows, and the voltages are acting from mains I. 
and II. towards III., then the corresponding couples on the wattmeters 
are positive. It is then obvious that the wattmeter I. measures the 
product of the instantaneous values of ci and (e\ — 63), and wattmeter 
II. the product of the instantaneous values of C2 and (^ — ^). The 
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sum of these products is, according to formula, equal to the total 
power P. 

If the phases are connected in mesh, as shown in Fig. 80, the 
currents and voltages are again assumed to be positive if acting in 
the directions indicated by the arrows. Let ci, C2, and Cs be the main 
currents, Ci\ Cg', and cq the phase currents, cu ^2, and 63 the E.M.F.'s 
induced in the respective phases, ei, 62, and eg the phase voltages ; 
then — 

ei = ei + ciV 

62 = 62' + C2V 

€3 = «a' + ^'3'^ 

where r stands for the phase resistance, which is alike in all phases. 
Thus— 

ei + e2+eQ = ei + e^' + e^ + r(ci + c^ + <%') 

Since — 

^1 + ^2 + «8 = 

and — 

ci + ci + C3' = 

(assuming that there are no internal currents flowing within the 
machine), then — 

ei' + 62' + e3'=0 (26) 

The total (instantaneous) power is given by the formula — 

P = e{c{ + eid + eaV (27) 

From formula (26) we get — 

^' = - ex - e^ 

Substituting the value thus found for e^ into equation, we get — 

P = eiV + «2'c2' - («i' + e2'W 
= e>{cx + e4c4 - ^1 V - eic^ 
= e{(c^ - C3') + eiic^ - C3') 
= - ei'c2 + e^cx (28) 

It will thus be seen that the algebraical sum of the two wattmeter 
readings gives the total power in the three-phase circuit, provided 
that the instruments are connected so that when the currents in I. 
and 11. are flowing in the direction indicated, and the voltages are 
directed towards three, the resultant wattmeter deflections are both 
positive. 



CHAPTER VII 

PHA8EMETEB8 AND BYNCHRONIZERS 

I. Phasemeters 

The determination of the phase difference is sometimes of great 
importance for experimental purposes ; in practice it is of importance 
in the case of synchronous motors only. If properly excited, there 
should be no phase difference between current and voltage of a 
synchronous motor, but if the exciting current be either too large 
or too small, the current will lead or lag. If there is a phasemeter 
in the circuit, this may easily be seen, and the excitation adjusted 
correspondingly. 

The phase difference in any circuit can, of course, be measured 
by means of a wattmeter or any of the methods for the measurement 
of power described in Chapter VI. In the former case the voltage 
and current must be measured apart from the watts. The power 
factor is then found by the formula — 

cos* = ^ (^^> 

In the case of the indirect method for measuring power, the phase 
difference (angle ^) may be taken direct from the voltage or current 
diagram (see Figs. 55 and 57). 

For the direct measurement of phase difference phasemeters are 
used. They are built on the induction principle (see Fig. 27). The 
main current flows to two opposite coils, while the two other coils 
are connected in shunt ; if there is a phase difference between the 
current or voltage, i.e, between the two currents flowing through 
the two sets of coils, a rotating field will be produced, and the drum 
will turn round, thus causing a deflection of the pointer. The latter 
will obviously be greater, the greater the turning movement, i,e, the 
more perfect the rotating field ; the latter, again, will depend on the 
phase difference between current and voltage. 
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Thus the turning moment acting on the drum — 

M=K.C.Esin^ 

where — 

K = a constant, 

E = the main voltage, 

C = the main current, 

ip = the angle of phase difference. 

On a circuit with constant voltage — 

M = KiC sin ^ 



69 



(30) 



(31) 



Thus the instrument reads the wattless component of the total 




Fio. 82.^ Connections of Phasemeter in a Single-phase System. 




Fio. 83.— Connections of Phasemeter in a Three-phase System. 
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current only. It is calibrated empirically, and can be used for that 
periodicity only for which it is calibrated. 

This instrument is usually provided with three terminals only, 
one end of the voltmeter coil being connected to one end of the 
main coil in the interior of the instrument. ' Fig. 82 shows the con- 
nections for a single-phase circuit. In a three-phase circuit the 
voltmeter terminal is connected to the neutral point. Where this is 
not accessible, a neutral point is created, as shown in Fig. 83. 



2. Synchronizers 

To run two alternating current generators in parallel several 
conditions have to be fulfilled. The second machine must — as in the 
case of continuous current machines — be brought to the same voltage 
as the first one ; it must run with exactly the same speed ; and it 
must, at the moment of switching in parallel, be equal in phase with 
the first machine. The exact correspondence of speed and phase is 
called " synchronism." 

With mechanical speed-measuring devices — tachometers and 
speed counters — it is impossible to determine the speed as accurately 

as is necessary for 



this purpose. There 
is, however, a very 
ingenious and simple 
device which indi- 
cates electrically very 
small differences in 
the speeds. 

In Fig. 84 the 
two double circles 
represent two single- 
phase alternators, 
which can be con- 
In parallel with the 
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Fig. 84. — Connection of Synchronizing Lamps. 



nected by means of a single-pole switch, AA', 

latter there is connected a glow-lamp which is able to stand double 
the voltage of either of the two alternators. When the switch is open 
there is a closed circuit, in which the two machines and the lamp 
are connected in series. If the two machines were continuous 
current machines, there would be only two possibilities — either they 
work in series, so that their voltages are added ; or they act in 
opposition, so that the resulting voltage is zero. If both machines 
were designed for 110 volts, then in the first case the lamp would 
burn with 220 volts, and thus with its normal intensity. In the 
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second case the lamp would not glow at all. On the other hand, 
with alternating current machines there are between these two 
extremes many other possible cases. According to the phase 
difference between the two machines, all voltages between double 
and no voltage may be given to the lamp. 

If, now, we want to switch the two machines in parallel, we have 
to watch the lamp. Supposing that machine II. is running a very 
little slower or quicker than machine I., then the lamp will glow for 
one moment, and be dark the next. At the instant when the voltages 
of the two machines are equal in phase the lamp will remain dark, 
and at any other period in which the phases are displaced by half a 
period the lamp will burn with its maximum intensity. If two 60- 
pole machines differ in their speeds by four revolutions per minute, 
the flickering of the lamp will appear 240 times per minute. In this 
state the machines must naturally not be switched in parallel, but the 
steam engine of the second generator must by some means — say, for 
instance, by adjusting the governor — be brought to the right speed. 
The nearer the alternator approaches the right speed the slower the 
flickering will become ; and when it is very slow, we can use the 
moment the lamp is dark again to switch the machines in parallel. 
The machines are then in phase, and will remain so, since, if one of 
the machines tends to slow down, it will be driven by the other 
machine. 

Instead of the lamp a voltmeter may be employed. As long as 
the voltmeter pointer swings quickly backwards and forwards, the 
machines must not be switched in parallel; but if the vibrations 
become very slow, the moment when the pointer is at zero may be 
used for closing the switch. 

The arrangement shown in Fig. 84 has a disadvantage — the 
machines have to be switched in parallel at that moment when the 
lamp indicates no pressure. This moment is rather difiicult to 
determine, since a 110- volt lamp becomes dark long before the 
voltage is zero, generally at about 15 to 20 volts. Hence it may 
happen with this arrangement that the machines are switched in 
parallel, whilst there is still a considerable phase difference between 
the two machines, and a sudden rush of current be caused. 

To obviate this the arrangement as shown in Fig. 85 is frequently 
employed. The machines to be switched in parallel are separated. by 
a two-pole switch. Two glow-lamps, each of the voltage of one of the 
generators, are in cross connection with the two machines, thus one 
lamp is connected with A and B', the second with B and A'. The 
current flows from the terminal A of machine I. through the upper 
lamp to terminal B' (6) of^the other machine, through this machine 
to terminal a (A'), from there through the lower lamp to the second 
terminal B of the first machine; If both machines are in phase, A 
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Fia. 85. — ^Gonneotion of Synchronizing Lamps. 
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is equivalent in voltage to A', and B to B' ; thus the lamp switched 
on A and B' will glow with the same voltage — that is, with the 

generator voltage — 
^ A^^^,0M A' ^ as if it were switched 

'^ on A and B. It is 
exactly the same 
with the second 
lamp. If the ma- 
chines happen to be 
exactly opposite in 
phase, then A is 
equivalent to B', and 
B to A'; thus the 
lamps will remain 
dark. At any other 
phase difference the 
lamps will glow, but 
not as brightly as 
when in phase. Hence the switching in parallel has, with this 
arrangement, to be done at the moment when the lamps are brightest, 
which point can be far better observed than when they are dark. 

The connections described can only be used for low voltages. 
For medium voltages, say 300 to 500, it will be necessary to use, 

instead of single 
*9 lamps, groups of 

three to five series- 
connected lamps. 

With still higher 
voltages this is not 
possible. Hence, with 
high-tension gene- 
rators, the lamps are 
not put in the high- 
tension circuit, but 
small transformers are 
employed, to the low- 
tension side of which 
the lamps are con- 
nected. In Fig. 86 
the diagram of con- 
nections is shown, 
•^r A f i.1. XI- 1 . If A is equal in phase 

with A, then the low-tension terminals of the transformers, viz. 
a and a', are equal in phase. Since, now, a is connected with h\ and 
a and a' are in series with the lamp, the voltages of the low-tension 




Fig. 86.— -Connections of Synchronizing Tranfiformers 
and Lamps. 
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coils of the transformers are added, and the lamp will glow with its 
niaximum intensity. The transformers are generally designed so as 
to produce a low-tension voltage of 55. If, then, the machines are 
equal in phase, so that the low-tension voltages of the transformers 
are in series, a 110-volt lamp will just burn with its normal intensity. 
The procedure for switching in parallel is exactly the same here as 
with the previous arrangements. 

The connections of synchronizing lamps for three-phase current 
are similar to those for single-phase current. For low voltages three 
lamps may be con- 
nected between the 
terminals AA', BB', 
and CC (see Fig. 
87). If all three 
lamps become sim- 
ultaneously dark or 
bright, then the con- 
nections are all right, 
and at an instant of 
darkness the switch 
may be closed. It 
might, however, 
happen that on 
starting the ma- 
chines, or after any 
alteration on the 
machine or switch- 
board, the lamps do 
not become bright 
or dark simultaneously, but one after the other. This is a sign that 
the succession of the cables on the terminals of the one machine does 
not correspond with the succession of the cables on the terminals of 
the other machine. In this case, any two of the cables may be 
changed. For instance, the cable which was previously connected 
with the switch terminal A' might now be connected with B', and 
that of B' with A'. 

Still, in another way we can assure ourselves before starting that 
the cables of the two machines are correspondingly connected with 
the switch, viz. by switching a three-phase motor first on the terminals 
A, B, and C, and then in exactly the same way on A', B', C (that 
terminal of the motor which was on A before now to be connected 
with A', B before with B' now). If the direction of rotation of the 
motor is the same in the second case as it was in the first, the con- 
nections are all right; if the direction of rotation is opposite, then 
two of these cables must be changed as before. 




Fig. 87. — Connections of Synchronizing Lamps in a 
Three-phase Circuit. 
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About the proper connections of the two machines we have to 
make sure — once for all — before switching them in parallel the first 
time. In subsequent work it is quite sufficient that one phase of one 
machine is synchronous with the corresponding phase of the second 
machine, for in this case it is certain that also the two other phases 
are in synchronism. Hence, for the normal working of the machines, 
three synchronizing lamps are not required, but two or one respectively, 
as with a single-phase system. 

For high tension likewise, only a single-phase transformer is 
required, which is switched between two. This arrangement, shown 

in Fig. 88, corre- 
sponds to that of Fig. 
87. 

The connections 
of a two-phase syn- 
chronizer are ar- 
ranged in exactly the 
same way. 

There are a great 
number of different 
constructions of syn- 
chronizing apparatus, 
a few of which are 
described in the fol- 
lowing. 

There are a great 
number of different 
types of synchroniz- 
ing devices, a few of 
which shall be de- 
scribed in the follow- 
ing. 
The rotary synchronizer built by Messrs. Everett-Edgcumbe 
consists of a little induction motor, the stator and rotor of which are 
provided with a two- or three-phase winding. The stator is connected 
to the bus-bars, the rotor to the incoming machine. If both machines 
are in phase, and the currents are of the same frequency, the magnetic 
fields in the rotor and stator of the little induction motor will revolve 
with the same speed, the rotor taking up a permanent position, 
corresponding to the relative positions of the two fields. Any phase 
difference between the currents flowing in the two windings will 
obviously result in a motion of the rotor in one way or the other, 
according to the direction of the displacement. This apparatus does, 
therefore, not only show whether the two machines are in synchronism, 
but also shows if the incoming machine is running too fast or too slow. 




Fig. 88. — Connections of Synchronizinpr Transformers 
and Lamps in a Three-phase Circnit. 
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The frequency-meter described in Fig. 45 may also be used as 
synchronizer; it has for this purpose to be somewliat modified, as 
shown in Fig. 89. 

This apparatus contains really 3 distinct frequency-meters. For 
two of these (Fi and Fg) contain 6 forks, 3 in each meter being 
adjusted for frequencies above the normal, the other 3 for frequencies 
below the normal (see Fig. 90). For the exact adjustment to the 




Fio. 89. — Diagram of Synchronizing Apparatus. 



normal speed a third small frequency-meter (F3) is provided; this 
contains only 3 forks, the middle one being adjusted for normal speed, 
the two side forks for half per cent, lower and higher speed respectively. 
This meter allows an accurate adjustment of speed, and indicates 
synchronism. For this purpose the magnet of F3 has two distinct 
coils ; one of them is always in circuit I, while the other is either 
disconnected or in circuit II. 

The diagram of connections is shown in Fig. 89. Let I and II 
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be the two machine circuits ; machine I is nmning, and II is to be 
switched in parallel with I. 

Circuit I is connected with Fi and F3 ; supposing that the normal 
frequency be 90*6, then the forks opposite 90 and 91 on Fi will have 
the same amplitude, and the fork opposite 906 on F3 will vibrate, 
while 90 and 91 will be at rest. 

If now M2 is to be switched in parallel, its frequency is read on 




Fig. 90. — Synchronizing Apparatus. 

F2, and if necessary its speed regulated, until forks 90 and 91 on Fg 
vibrate with equal amplitude. Next, the lever is turned to the left, 
and thus the second coil of F3 is in circuit with M2. Two cases are 
now possible : either the phase difference between the two machines 
is 180°, and in this case fork 90*6 of F3 will suddenly stop to vibrate; 
or, the two machines are in phase, in which case fork 90*6 will 
vibrate with double amplitude, thus showing synchronism. The 
machines may then be switched in parallel. 



CHAPTER VIII 

MISCELLANEOUS TESTS 

I. Determination of the Wave- Form of an 
Alternating Current 

In many cases it is of great importance to know the form of the 
E.M.F. and current-curve of an alternator; not only do the iron 
losses depend on the shape of the curve, but it is frequently specified 
that the curves should be nearly sinusoidal. 

One of the methods of determining the wave-form is to determine 
as many points of it as possible. To determine these instantaneous 
values of the .E.M.F. or current, we must connect up a measuring 
instrument in such a way that one and the same instantaneous value 
of the E.M.F. is consecutively acting on it. This may be done by 
means of the well-known Jouberfc disc and a contact-spring. 

The arrangement of the contact apparatus and the apparatus for 
measuring the current pulsations may be made in many different 
ways. In the following, two methods will be described. 

The compensation-method, for which the diagram of connections 
is shown in Fig. 91, is the most reliable. 

The generator G is connected to two resistances n and r^ in series. 
n is connected in series with the contact apparatus K, a highly 
sensitive Deprez galvanometer G (having a good damping arrange- 
ment) ; the two contacts c and d can be moved along the bridge wire 
a — b, a battery B, having a voltage e, is connected to the bridge wire. 
When measuring the value of the E.M.F. at any point, the contacts 
c and d are moved, until the galvanometer G shows no deflection. 
The instantaneous value of the voltage of the generator is then pro- 

cd 
portional to -^c; c — d being read directly off the scale. 

The second method, devised by Prof. Blondel, is very extensively 
employed ; the diagram of connections is shown in Fig. 92. Ki and 
Ka are the terminals between which the curve is to be determined. 
K is a contact-apparatus, which is driven by means of a synchronous 
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motx)r, the latter being fed from the terminals Ki K2. Each rush 
of current charges the condenser C, and in the next moment the 
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latter sends current through the galvanometer G, the deflection of 
which is proportional to the instantaneous value of the E.M.F. or 
current. Instead of a galvanometer, a multivoltmeter with a good 
damping arrangement may be used, which is calibrated by means of 
continuous-current voltage, connected to Ki, K2. 

2. The Oscillograph * 

The methods described have the disadvantage that they take a 
long time and are not very reliable. Sudden variations of the wave- 
forms can, of course, not be observed at all. A more perfect apparatus 
is the oscillograph, which shows directly the wave-forms of alternating 
and pulsating current. 

The apparatus consists esssentially of a modified D'Arsonval 
galvbnometer, combined either with a rotating or vibrating mirror, 
moving photographic film, or falling photographic plate. 

Fig. 93 is a diagrammatic view of the galvanometer part of the 
instrument showing the principle on which it works. In the narrow 
gap between the poles N, S of a powerful magnet are stretched two 
parallel conductors 8 s, formed by bending a strip of phosphor-bronze 
back on itself over the pulley P, which is attached to a light spring 
balance. At the bottom ends the strips are clamped on a block, K, 
while at the top they are held in position by the bridge piece L. By 
altering the tension on the spring stretching the phosphor-bronze loop, 
the periodicity of the instrument can be varied at will. Each strip or 
leg of the loop passes through a separate gap (not shown in Fig. 93) in 
the magnetic circuit. The clearance between the sides of the gaps 
and the moving strip is but 0*038 mm., and these gaps are filled 
with a viscous oil, over which is placed a small lens, which is held in 
position entirely by the surface tension of the oil, and serves in its 
turn to keep the oil in place. The object of the oil is to damp the 
movements of the strips. A small mirror marked M, Fig. 93, is 
attached to the loop, as shown. The effect of passing a current 
through one of these loops is to cause one leg of it to advance whilst 
the other recedes, and the mirror is thus turned about a vertical axis. 
In the high frequency instrument the natural period of vibration of 
the loop is 1 0000^1^ ^f ^ second, and the clearances being, as stated, 
extremely small, the damping effect of the oil is so great, that the 
instrument can be relied upon to give accurate results even when the 
periodicity of the current to be tested is over 300 periods per second. 
Small fuses below the loops protect these from injury in case of 
accidental excessive current. The fuses consist of very fine wires 
enclosed in glass tubes, which are held in position by spring clamps. 

The beam of light reflected from the mirror M is received on a 

• See ProfeBBor Alfred Hay'B " AUemating CurrenU ** (Harper & Brothers). 
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screen or photographic plate, the instantaneous value of the current 
being proportional to the linear displacement of the spot of light so 
formed. With alternating currents the spot of light oscillates to and 
fro as the current varies, and would thus trace a straight line. Hence 
to obtain an image of the wave-form, it is necessary to traverse the 
photographic plate or film in a direction at right angles to the 
direction of movement of the spot of light. A second mirror can 




Fig. 93.— Esaential Part of Diidders OsciUograph. 



be interposed in the path of the beam of light, and this mirror caused 
to vibrate or rotate so as to impart to the beam of light a uniform 
motion proportional to the time in a plane at right angles to the 
plane of vibration of the beam due to the current. The spot of light 
will now trace out on a stationary screen or plate the time curve of 
the variation of the P.D. or current, as the case may be. If the 
variations are periodic, as in alternating currents, then the second 
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mirror can be synchronized, and the spot of light caused to trace out 
the wave-form over and over again. 

The most suitable instrument for testing purposes is shown in 
Fig. 94, with which alternating currents, having fi*equencies from 
20 to 100 periods per second, can be readily and accurately examined. 

The electro-magnet of this instrument is wound in twelve sections. 




Fig. 94.— Dudders Oscillograph. 



connected in series in two sets of six, the ends being connected to 
terminals. If the two halves are connected in series the magnet may 
be connected to a 200-volt direct-current circuit, if in parallel, to 
a 100-volt circuit, without any measuring instruments. 

The normal scale distance for projection work is 300 cms. The 
normal working current through the strips is about 0*5 amps. 

G 
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3. Iron Testing 

For many practical purposes it is necessary to know the losses 
due to hysteresis and eddy currents in materials of dififerent qualities. 
These losses may either be determined by the various laboratory 
instruments and apparatus, or directly by measurement with a watt- 
meter. The former methods are mostly too elaborated to be of 
much use for practical purposes. For the latter a special apparatus, 




Fia. 95. — EwiDg's Hysteresis Tester.* 

designed by Professor Ewing, and the wattmeter method are the 
most suitable. 

By the apparatus devised by Professor Ewing the hysteresis losses 
only are measured. Its principle is the mechanical determination of 
the loss in a very small test-piece of iron. The apparatus (see Fig. 
95) consists of a permanent steel-magnet e, which is suspended on 
knife edges /, and balanced by a screw g. A dashpot below, the 
magnet serves to damp its movements, and a pointer moving over 

* From Professor Swing's "Magnetic Induction in Iron and Other Metals." By 
permission. 
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a scale at the top shows the deflection produced when the sample- 
material a is turned round between the poles. The sample material 
is fastened by means of screws, CC, to a carrier, which can be turned 
round by means of a handle, and the friction wheels dc. By the 
rotation of the sample-piece its magnetism is constantly reversed ; 
the total power lost (in hysteresis and eddy currents) per revolution 
is 27r X torque. The deflection of the pointer is a measure of the 
torque, so that, 27r being a constant, the deflection of the pointer is 
directly proportional to the loss per cycle, the speed of rotation having 
no influence as long as it is not high enough to produce perceptible 
eddy currents. 

The sample sheets are shorter than the gap of the magnet, with 
the result that the total fall of magnetic potential from pole to pole 
takes place almost wholly in the air-gaps, and consequently such 
variations of permeability as are found in various samples cause 
hardly any difference in the total flux through the iron. This is 
important, since, in comparing the hysteresis losses of various 
specimens, the flux-density should be the same in all cases. The 
permanent magnet produces in the sample an induction of about 
4000 lines per square cm. 

The apparatus is calibrated by using samples, the hysteresis loss 
of which has been accurately determined by the ballistic method. 
Two such standard samples are supplied with the apparatus, together 
with tables giving the results of the ballistic tests. In testing other 
samples, a reading is also talken with one of the standards, and the 
ratio of the readings is taken as the ratio of hysteresis losses between 
standard and sample. In this way the accuracy of the instrument is 
made independent of any change that may take place in the strength 
of the permanent magnets. 

For practical purposes the wattmeter method is commonly 
employed. The material to be te&ted is stamped in several pieces, 
which can be built together so as to form a closed magnetic circuit. 
By means of a coil the iron is magnetized, and the watt-consumption 
measured ; this will be equal to the eddy-current and hysteresis losses. 

The diagram of connections is shown in Fig. 96. Let the voltage 
measured at the terminals of the coil be E, the power indicated by 
the wattmeter P^, the frequency of the alternating current /i, and the 
resistance of the magnetizing coil r, then the power actually balancing 
the hysteresis and eddy-current losses — 

Pi = P,-C2r (32) 

where C stands for the current flowing through the magnetizing coil. 
To find the induction in the iron we may use the formula — 

E = 4-44 /NAB lO-® (33) 
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where A stands for the cross-sectional area of the iron core (sq. cm.), 
N for the number of turns on the coil, and B for the induction 

(lines of force per sq. 
cm.). Using the above 
symbols, we get, for a 
frequency, /i— 

Let kj,he a. factor 
which contains the 
hysteresis coefficient, 
and k^ one which con- 
tains the eddy-current 
coefficient, then — 

Pi = Vi + Vi'(35) 

since the hysteresis 
losses are proportional 
to the frequency and 
the eddy - current 
losses to the square 
of the frequency. 

If now we alter 
the frequency, and 
determine the sum of 
the hysteresis and 
eddy-current losses for this altered frequency, then — 

Y2 = hf2 + kj2^ (36) 

From equations (35) and (36) we can now find the factors h and 




Fig. 96. 



h- 



and — 



, _ Pi/2''-P2/i' 



(37) 



(38) 



By means of these factors the total losses as measured by the 
wattmeter may be separated into hysteresis and eddy-current losses. 
An example will illustrate this. 

A testing-transformer as shown in Fig. 97 was tested with two 
frequencies, viz. /i = 30 and f^ = 60. The number of turns on the 
coil was 350, its resistance 5Q. 
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At a frequency of 30 the coil consumed 9 watts ; the terminal 
voltage was 41, and the current flowing through the coil 0*2 amps. 




Fig. 97. 



Another reading was taken with / = 60 ; in order to keep the 
induction the same as before, the voltage had obviously to be 
increased. 

From formula (33) we have seen that — 

E = 4-44/NAB lO^s 

Since in the above case / = 30, N" = 350, and A = 22*25, we 
had— 

E.108 



B 



"4-44. 30.350.22-25 



for E we have to insert the E.M.F., which is here 41 - 1 = 40 volts ; 
thus — 

40 10^ 
^ = 444.30.350.22-25 = *^^^ ?"' '^- '^- 

To obtain the same induction with / = 60, we had to make the 
E.M.F. = 80, i,e. the terminal voltage was about 81. With this voltage 
and / = 60 the watt-consumption was 21 watts. The ohmic losses 
in the coil being very small, we may neglect them entirely, and have 
thus — 

/i = 30 Pi = 9 

/a = 60 Pa = 21 
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hence, for B = 4000— 



and — 



' ~ flf2' - Ml' 

. _ 9 • 3600 - 21 . 900 
•'• ~ 30 . 3600 - 60 . 900 

7. _ P2/1 — P1/2 

21 . 30 - 9 . 60 



= 0-25 



= 000166 



3600.30 - 900.60 

From these constants we can now easily find the hysteresis 
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70 



80 Periods. 



and eddy-current losses for any other frequency by using the 
formulae — 

P» = V (39) 

and — 

Z = hf' . (40) 

For determining the losses for any other induction, we have to 
consider that the hysteresis losses increase with the l*6th power, and 
the eddy current with the square of the induction. 

For the transformer tested Fig. 98 shows the magnetic losses as 
a function of the frequency. 
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In order to be able to compare directly the qualities of materials 




Fig. 99. — Iron Testing Apparatus. 





Fig. 100.— Apparatus for Testing Iron Sheets. 

from different sources, it is advisable to adopt standard dimensions 
for the specimens to be tested. 
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The Union of German Electrical Engineers propose in their official 
rules, that all comparative iron tests should be made with an apparatus 
as shown in Fig. 99.* In this apparatus the magnetic circuit is 
composed of 4 cores, each being 500 mm. long, 30 mm. wide, and 
having a weight of at least 2 J kg. The stampings are insulated from 
each other by means of tissue-paper. The cores are kept in position 
by means of 4 wooden clamps; at the joints presspahn sheets of 
0*15 mm. are inserted. The coils (4 altogether) have presspahn 
bobbins, and consist of 150 turns of copper wire (cross-sectional area 
of wire = 14 square mm.). For comparative tests the total iron-loss 
per kilogram, B = 10,000 and/= 50, is to be stated. 

In order to avoid the joints, Messrs. Schuckert & Co. manufacture 
an apparatus for the testing of iron, which is depicted in Fig. lOO.f 
The core consists of stamped rings, which are insulated from each 
other by means of paper. Each turn of the coil consists of a flexible 
cable, with plugs at the ends, which may be put into sockets with 
holes, of which always ten are fixed on a fibre plate. Thus the coils 
are put together. The test is made with an ordinary wattmeter as 
with the apparatus described above. 

♦ See Elektrotechnische Zeitschrift, 1901, p. 879. f ^hid. 
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CHAPTER IX 

THE TESTING OF TRANSFORMERS 

Before testing an alternating-current transformer, it is advisable 
to determine the dimensions of the core, and all the details regarding 
the windings, viz. the number of coils, number of turns per coil, 
cross-sectional area of wire, etc. Without these data it is impossible 
to calculate from the experimental results the magnetic density in the 
core, and to determine the hysteresis loss per cubic centimetre or inch. 

A note and sketch should always be made of the arrangement of 
the coils, the manner of insulation and cooling (whether air- or oil- 
cooled), and, if possible, of the radiating surface of the coil and the 
iron case. 

Next, the resistances both of the primary and the secondary coil 
(or coils) should be measured as described on page 27. The tempe- 
rature of the air should also be measured and recorded, and before 
making any other experiment the insulation resistance should be 
determined approximately. 



I. Iron Losses 

The iron losses in a transformer may be ascertained by the 
no-load test. For this test the secondary circuit of the transformer 
is opened, while the primary is connected to the normal (working) 
voltage and frequency. The total power consumed by the transformer 
is measured by means of a wattmeter ; this power is equal to the sum 
of the iron losses and the copper losses (due to the current flowing 
through the primary coil). The latter can easily be determined by 
inserting an ammeter in the primary circuit; from the current 
measured and the known ohmic resistance the copper losses may be 
found by calculation. 

With regard to the range of the ammeter, it must be remembered 
that though the power consumed by the transformer at no-load is 
commonly very small (a few per cent, of the capacity of the 

89 
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transformer), the no-load current will, notwithstanding, be compara- 
tively large, owing to the small power-factor of an unloaded 
transformer. Thus it will be necessary to employ a wattmeter for a 
low output but a large current. 

As the iron losses are nearly independent of the load, it is suffi- 
cient to measure the no-load watts at the no-load voltage. The 
measurement may be made either at the primary or at the secondary 
side. 

In the case of multiphase transformers with a symmetrically-built 
core, it is sufficient to measure the no-load power absorbed by one 
coil, and multiply it by the number of phases. 

In the case of multiphase transformers with an asymetrically- 
built core, the power absorbed by each of the coils must be measured 
separately. 

The magnetic properties of the core-iron may be determined in the 
same way, as described in Chap. VIII. If the dimensions of the core 
be known, it is always advisable to determine the hysteresis and eddy- 
current losses per cubic centimetre and as a function of the periodicity. 



Experiment No* L 

Determination of the Iron Losses of a Transformer {No4oad Test), 

Diagram op Connections. 




Fig. 101. 



T = Transformer. 

S = Main switch. 

B = Fuse. 
W = Wattmeter (small power, large current). 

A = Ammeter. 

Vi = Voltmeter for the primary circuit. 
V2 = Voltmeter for the secondary circuit (not essential). 

Experiment — Close S, and with Vi indicating the normal voltage 
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(at normal frequency), read simultaneously the cuiTent (A) and the 
power (W). Let the former be Ci, the latter Pj, and r the ohmic 
resistance of coil I of the transformer. Then the iron losses in the 
transformer — 



P, = P, - CiV 



(41) 



During the measurement it is advisable to check the voltage of 
the secondary coil by means of the voltmeter V2. 

In order to separate the iron losses, a second reading should 
be taken with another frequency; the terminal voltage Vi must 
simultaneously be varied in proportion to the frequency. From the 
iron losses at two different frequencies the hysteresis and eddy- 
current losses can be separated (see Chap. VIII.), and if the volume 
of the iron core be known, the loss per cubic centimetre or decimetre 
may be found. 



Example I. 




Single-phase Air-cooled Transformer, No. 2732. Type and maker, 
STl. Schuckert & Co. 

Voltage, 110/220 ; 
output, 1*5 kilo volt- 
ampere ; frequency, 
50. 

Instruments used : 
Wattmeter — Electri- 
cal Co., No. 2817; 
Ammeter — Johnson 
& Phillips, No. 1918; 
Voltmeters-^Johnson 
& Phillips, Nos. 1214 
and 1912. 

The dimensions 
of the core are shown in Fig. 102. The winding data were as 
follows : — 



Fig. 102. 



Primary Coil. 

Number of turns, 380. 

Resistance (measured at an air temperature of 18° C), 0'4a). 
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Table of Results. 



Frequency. 


Primary 
voltage. 


Primary 
current. 


Primary watts. 


Secondary 
voltage. 


50 

70 


110 
154 


0-6 
1-0 


20-2 
31-3 


224 
311 



From these results we find the iron losses at 50 periods— 
Pi = 20-2 - 0-62 . 0-4 = 20 watts 
and at 70 periods — 

Pa = 31-3 - 112. 0-4 = 30-8 watts. 

The respective constants may be found by means of formulae (38) 
and (37). Thus— 

K = 0-3 

and — 

k. = 0-002 
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Fig. 103.— Hysteresis and Eddy-current Losses 
of a Transformer for Various Periods. 



The volume of the iron core being known, we may determine 
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the iron losses per unit of volume. Fig. 103 shows the hysteresis, 
eddy-current, and total losses per. cubic decimetre as a function of the 
frequency. 



2. Copper Losses 

The simplest method for determining the copper losses in a trans- 
former is obviously the indirect, i.e. the determination of the ohmic 
resistances of the primary and secondary coils. From these and the 
(known) primary and secondary currents, the total copper losses may 
be determined. 

Let— 

ci be the primary current. 

C2 be the secondary current. 

ri be the resistance of the primary coil (measured). 

r2 be the resistance of the secondary coil. 
Then the total copper losses — 

P, = CiVi + C2V2 (42) 

The actual copper losses in a transformer are, however, larger than 
those determined by the above method. There are two reasons for 
this :— 

1. Apart from the copper losses due to the ohmic resistance of 
the wires, additional losses take place on account of the unequal dis- 
tribution of the current in the copper conductors. This unequal 
distribution of the current is due to the stray- fields, which do not 
only surround the winding, but also pass through it, thus inducing 
eddy currents in the copper conductors. The latter combine them- 
selves with the main current, so that the distribution of the current 
in the conductor is no longer uniform, and the copper losses are 
increased. 

2. If several coils or windings in one coil are connected in parallel, 
and the E.M.F.'s in the parallel-connected windings differ but little 
from each other (which may be due to a slightly unequal distribu- 
tion of the magnetic flux), internal currents will be produced in the 
windings ; the latter increase the copper losses. 

It is, therefore, advisable to measure the copper losses in a trans- 
former by the direct method. 
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Experiment No^ IL 

Determination of the Copper Losses in Transformers {Direct Method). 
Diagram op Connections. 

^^^ T 




Fig. 104. 

Instruments and Apparatus, 

T = Transformer. 
W = Wattmeter. 

A = Ammeter (for normal secondary current). 
S = Main switch. 
B = Fuse. 

Eo(yperiment. — Close the main switch S, and regulate the voltage 
of the supply, until the current, flowing in the short-circuited coil I 
of the transformer, and indicated by the ammeter A, is equal to the 
normal secondary current. The voltage required on the mains will 
obviously be only a few per cent, of the normal primary voltage. 
Where such a small voltage is not available, a series resistance (non- 
inductive) must be connected in series with the primary coil. 

When the short-circuit current on the secondary side of the trans- 
former is equal to the normal working current, the power consumed 
by the wattmeter is read and recorded. It is obvious that this power 
is equal to the copper losses in the primary and secondary side of the 
transformer, plus the iron losses. The latter are, as we know, pro- 
portional to the square of the voltage, which, as mentioned above, is 
here but a fraction of the normal voltage. It follows that the iron 
losses are so exceedingly small that they can be neglected altogether. 
Thus the power measured on the wattmeter represents the total copper 
losses of the transformer at full load. 

Example II. 

Determination of the Copper Losses {Indirect Method). 

Single-phase Transformer, No. 1123. Type and maker, SS. 20/4, 
Brush Co. 



THE TESTING OF TRANSFORMERS 



95 



Voltage, 200/500 ; output, 7 kilovolt-amperes ; frequency, 50. 
Instruments used : Weston Ammeter, No. 237 ; Weston Wattmeter, 
Xo. 4937. 

Table of Eesults. 



Ammeter. 


Wattmeter. 


Frequency. 


14 


217 


50 



Thus by this method the total copper losses were found to be 
217 watts, i,e, slightly over 3 per cent. 

To compare this method with the indirect, the resistances of 
the two coUs were measured. The following is the result of these 
measurements : — 

n = 0061w 
ra = 0-52w 

For a secondary current of 14, the primary current was found to 
be 38, thus— 

ci = 38 

C2=14 

and — 

P^ = ciVi + C2V2 = 190 watts 

It will be seen that the copper loss determined by the indirect 
method is considerably below the actual copper loss. According to 
the size, type, and construction of the transformer, this difference is 
from 5 to 25 per cent. The following table, published by Prof. 
Arnold, shows the difference in per cent, between actual loss and loss 
determined from the resistance by calculation : — 



Output in Kv.A. ... ... 

Three-phase Transformer ... 



5 
39 



10 
4 



15 
19 



20 
12 



30 
24 



1000 
22 



3. Voltage Drop 

The determination of the voltage drop of transformers between no 
load and full load is rather important, as not only their " regulation " 
depends on the voltage drop, but also the proper working of trans- 
formers in parallel depends upon their voltage drops being alike. If 
this is not the case, the load will not be distributed equally over all 
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parallel-connected transformers, but some may be overloaded, while 
others may hardly supply any power at all. 

The voltage drop of a transformer may be measured in two ways : 
either with constant load (current) and variable power factor, or with 
constant power factor and variable load. 

For measuring the voltage drop in a transformer, two methods 
may be employed, viz. : — 

1. The direct method, by which the transformer is loaded, and 
the voltages determined first at no load and afterwards at any load 
required. 

2. The indirect or differential method, by which two identical 
transformers are connected against each other, one of them being 
loaded ; the voltage drop may then be measured by means of a low- 
reading voltmeter. 



Experiment No. III. 

Determination of the Voltage Drop of a Transformer {Direct Method). 



Diagram of Connections. 



hr S. 




Fig 105. 



Instruments and Apparatus. 

T = Transformer. 

W = Wattmeter (for full output of transformer). 
Vi = Primary voltmeter. 
V2 = Secondary voltmeter. 

P = Choking coil with closed magnetic circuit and variable 
air-gap. 

L = Load. 

S = Main switch. 

B = Fuses. 

Si = Switch in secondary circuit. 
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Experiment — With switch Si open, close the main switch S, 
taking care that the main voltage (Vi) and the frequency are normal; 
they should remain so during the whole experiment. Eead the 
secondary voltage (Vg) and record it. Next the switch Si is closed ; 
for the first series of readings the choking coil P may either be dis- 
connected or short-circuited. The load L is then gradually in- 
creased up to normal or above, and the corresponding readings 
of Vi, Vg, and W are recorded. The curve which may be plotted is 
called the external characteristic of the transformer. 

To determine the same characteristic for inductive load, we 
have to bring P into the circuit. By varying the length of the air- 
gap of the choking coil its coefficient of self-induction, and thus 
the power-factor of the secondary circuit, may be adjusted at will. 
Instead of using a choking coU, we could also load the trans- 
former with a synchronous motor, and could vary the power-factor of 
the load circuit by varying the excitation of the synchronous motor. 

The transformer is first fully loaded (normal secondary current) 
with the power-factor of the secondary circuit, being equal to, or 
nearly equal to, 1. This may be ascertained by reading simul- 
taneously voltage, current, and watts. The product of the former two 
should be equal to the latter. The voltmeter, ammeter, and wattmeter 
readings are now recorded, and next the power-factor of the circuit 
reduced by means of the choking coil, the current being kept constant. 
This is repeated for various power-factors down to 0*8 or 0*7. From 
this experiment the inductive external characteristic may be obtained. 

This direct method for measuring the voltage drop is not accurate, 
as it depends on two conditions, which are very seldom fulfilled, 
viz. : — 

1. The primary voltage (and frequency) should remain absolutely 
constant during the test. 

2. For measuring the primary and secondary voltage two 
instruments are required, which agree perfectly with each other. 

Where these conditions are not fulfilled, the results will, as stated 
already, be unreliable, and the second method (see below) should then 
be employed. 

If the primary voltage varies within small limits only, the 
secondary voltage may be corrected by adding or subtracting the 
value 

^ei (43) 



where w is the ratio of transformation of the transformer, and ei is 
the difference between the primary voltage to be kept constant and 
that actually observed. 

H 
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Example III. 
External Characteristic of a Transformer. 

Single-phase Transformer, No. 2732. Type and maker, STi 
Schuckert & Co. 

Voltage, 110/220 ; output, 1*5 Kv.A. ; frequency, 50. 

Instruments used : Voltmeters, Johnson & Philipps, Nos. 1214 
and 1912 ; Ommeter, Weston ; Wattmeter, Siemens. 



Table of Eesults. 
1. Non-inductive Load. 



Frequency. 


Primary 


Secondary 


Corrected 


Secondary 


voltage. 
110 


Toltage. 


secondary yoltage. 


current. 


50 


224 


224 









220 


220 


10 






217 


217 


2-5 




)) 


212 


212 


3-5 




106 


195 


203 


5-0 




110 


200 


200 


5-6 




105 


189 


197 


6-5 




»> 


182 


192 


7-5 
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Fig, 106.— Load Characteristic of a Transformer 
(Non-inductive Load). 



8 Amps., 

sec. current. 
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The results are plotted in Fig. 106. The drop in voltage is here 
due to the ohmic voltage drop and magnetic leakage. 

The following experiment illustrates the great influence of the 
inductive load on the external voltage drop. 



2. IndvjCtive Load, 
cos tsz about 07. 



Frequency. 


Primary 


Secondary 


Corrected aeo- 


Secondary 


Seccmdary 


voltage. 


voltage. 


ondary voltage. 


voltage. 


watts. 


50 


110 


224 


224 






^f 


>j 


216 


216 


1 


150 


ii 


» 


210 


210 


2 


290 


9> 


)> 


204 


204 


3 


430 


ft 


i> 


200 


200 


4-5 


630 


Jt 


105 


180 


190 


5-6 


710 


it 


j» 


170 


180 


6-5 


775 


ff 


ti 


160 


160 


7-4 


830 



The results are plotted in Fig. 107. 
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Fig. 107. — Load Characteristic of a Transformer 
(Inductiye L^). 



8 Amps., 

BC. current. 
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Experiment No. IV. 

Determination of the Voltage Drop of a Transformer {Differential, 

Method), 

DlAGRAU OF GONNECrriONS. 
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Fig. 108. 

Instruments and Apparatus, 

Ti, T2 = Two identical transformers. 
A = Ammeter for full current of Ti. 
P = Choking coil with variable air-gap. 
W = Wattmeter (full load of Ti). 
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Vi = Low-reading voltmeter. 

V2 = Voltmeter (normal voltage of T2). 

L = Load for Ti. 

S = Chain switch. 
Si = Load switch. 

Hxperiment. — Open Si and close S, so that the primary coils of 
the two transformers Ti and T2 are connected to the mains. The 
two transformers must be perfectly identical ; this may be checked 
by the voltmeter Vi, which, if there is no load on Ti, should show no 
deflection. 

Next short-circuit or disconnect the choking coil (so that the 
load on Ti is non-inductive), and close Si. For several loads the 
corresponding readings of A, W, Vi, and Vg should be recorded. 
The voltage drop in the transformer is indicated directly by the 
readings of Vi. 

To make the same experiment for inductive loads, insert P in the 
secondary circuit of Ti, load it with C2 = about normal, and vary the 
power-factor of the circuit by varying the air-gap of the choking coil. 
The loading current should be kept constant, and readings be taken 
of W, Vi, and Vg. 

This method has the advantage that small variations of the main 
(primary) voltage do not affect the result, as the voltmeter Vi reads 
only the difference between the potentials of the two secondary coils. 

From the readings thus obtained, the external characteristic of the 
transformer Ti may be plotted for non-inductive and inductive load 
respectively. 



Example IV. 

Determination of the Voltage Drop of a Transformer {Differential 

Method). 

Single-phase Transformer, No. 412. Type and maker. The 
Brush Co. 

Voltage, 200/1000 ; output, 3 Kv. A. ; frequency, 40. 

Instruments used : Kelvin Electrostatic Balance (400-4000 volts) ; 
Weston Ammeter. 
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Table of Results. 
1. Non-inductive Load. 



Frequency. 


Volts difference. 


Secondary current 


40 








30 


0-75 




60 


1-5 




100 


2-5 




120 


30 




170 


375 




190 


40 



2. Inductive Load. 
cos ^ = about 0'75. 



Frequency. 


Volts difference. 


SecMidary onrrent. 


40 


_ 


_ 




50 


1-0 • 




100 


2-0 




135 


2-5 




230 


3-5 




300 


4-0 



For curves, see Figs. 109 and 110. 
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12 3 4 Amps. 

Fig. 109. — Load Characteristio of Transformer (Kon-inductive Load). 
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12 3 4 Amps. 

Fio. 110.— Load Characteristic of Transformer (Inductive Load). 



4. Ratio of Transformation 

The ratio of transformation of a transformer should be determined 
at no load and, say, half and full load. If necessary, intermediate 
values may then be found by interpolation. 

For determining the ratio of transformation at no load, we may 
measure the primary and secondary voltage directly by means of 
voltmeters ; the ratio of transformation — 



£2 



(44) 



If El and E2 differ much from each other, two voltmeters of 
different ranges must be used : this makes the test rather unreliable. 




A C 

Fig. 111. 



The connection shown in Fig. Ill enables us to measure the ratio 
of transformation with one voltmeter, the range of which is equal to 
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the diflference between the voltages of the primary and secondary 
coils. For this test the ends of the primary and secondary coils are 
connected with each other, a voltmeter being inserted on one side. 
Let the reading on this voltmeter be E^ ; then, since at no loads the 
phase difference between primary and secondary voltage is practically 
180°— 

E, = Ei-E2 (45) 

since now — 



E2 
u = 



El 



El — E^. 



(46) 



The ratio of transformation at various loads (inductive and non- 
inductive) may be determined by the method as described in 
a previous experiment. The transformer is connected up after 
Fig. 105. (The wattmeter may be omitted.) For all loads readings 
must be taken of the primary and secondary voltage and the 
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Fia. 112. — Katio of Transformation at Various Loads. 



4 Amps. 



secondary ammeter. From the results a curve may be plotted, 
showing the ratio of transformation as a function of the secondary 
current and for any power factor. Fig. 112 shows the ratio of 
transformation for the above-mentioned transformer for non-inductive 
load (curve I.) and for inductive load, cos = 0*75 (curve II.). 
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5. Determination of the Magnetic Stray-field 

Though not of very great practical importance, the determination 
of the magnetic stray-field or the stray- voltage is of great theoretical 
interest, more especially as it enables us (together with the no-load 
experiment) to plot the complete transformer diagram. 

The method of determining the stray-field (or stray-voltage, which 
is proportional to the stray-field) will be best explained by means of 
the transformer diagram. 

If we short-circuit the secondary coil of a transformer by means 
of an ammeter, the transformer diagram will correspond to Mg. 113 ; 
the phase difference between the two currents will be nearly 180^ 
The resultant magnetic field Z will be very small, even though the 
full primary and secondary current may flow through the transformer. 




Fig. 113. 

since the currents are opposed to each other, and thus the imatginary 
fields Zi and z^ nearly compensate each other. On the other hand, 
the stray-fields Zi and Z2' exist in their full strength (corresponding 
to the full-load currents), so that compared with these stray-fields Z 
is but very small. The resultant primary field Zi (actually flowing 
through the primary coil) differs but little from the primary stray- 
field Zi', since it consists practically only of this latter. It follows, 
then, that the primary E.M.F., Ei, is nearly equal to the stray- voltage 
El', for the E.M.F. (OP) due to the resulting field Z is, like this, very 
small. OE is the primary voltage drop (ciVi), The resultant of 
this and Ei is equal to the terminal voltage. The angle at E differs 
but little from 90"^, so that OTU may be regarded as a right-angled 
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triangle. If Ti and Ci are measured whilst the secondary coils are 
short-circuited, Ei may be found by calculation, provided n is known. 
Assuming Ei to be equal to Ei', we may find Zi' by calculation. 

The values determined in this way for Ei' and Z\ are somewhat 
too large. Subtracting the voltage drop from the terminal voltage, 
we get for Ei' a value slightly too small, viz. — 

Ei' = Ei = Ti-ciri (47) 

It is therefore advisable to take the mean value of the stray- 
voltages determined by these two methods as the actual stray- voltage. 

In order to obtain the secondary stray-field or voltage, we have 
to supply current to the secondary circuit, and short-circuit the 
primary by a suitable ammeter. 



Experiment No. V. 

Determination of the Stray-field of a Transformer. 
Diagram of Connections. 




Fig. 114. 



Instruments and Apparatus used, 

A = Ammeter in the secondary circuit (normal current). 
V = Voltmeter (10-30 per cent, of normal voltage). 
G = Generator with variable E.M.F. 
S = Main switch. 

Uaperiment, — Close S and vary the voltage of the generator G 
until the current indicated by A is equal to the normal working 
current of the transformer. Eead and record current and voltage, 
taking care that the frequency of the current is the normal. 

The resistance of both the primary and secondary coils in hot 
state should be measured previously to the experiment. 

To determine the secondary stray- voltage, reverse the connections, 
i,e, connect the secondary coil to the generator and short-circuit the 
primary. 
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Example V. 

The following experiments were made to demonstrate the influence 
of the subdivision of the coils on the stray-factor of a transformer. 

A ringrshaped core was provided with six separate coils ; in the 
first instance the coils were connected as shown in Fig. 115a ; this 




\T 



Pig. 115. 



gave a transformer for about 100 volts, with a ratio of transformation 
of 1 : 1, and without a subdivision of the coils ; the secondary was 
short-circuited, and the stray-voltage measured with the following 
result : — 



Frequency. 

50 



(a) No Subdivision of Coils. 

Primary Secondary 

Voltage. Current. 

26 5 



The resistance of the primary was 0*9a> ; according to the above 
explanations and the simplified diagram (see Fig. 116) — 



and — 



or — 



Ti2 = Ei'2 + (c^ny 



E/ = x/ Ti^-(ciri) ^ .... 
.-. = ^/ 262 -4-52 = 26-6 volts 

El' = Ti - cin = 26 - 4-5 = 21'5 volts 



(48) 
(49) 
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Taking the average of 21-5 and 256, we may assume the stray- 
voltage to be about 23*5 volts, equal to 23 J per cent. ; this large 
value is due to the excessive stray through the centre of the ring. 




Fio. 116. 

The coils were next subdivided as shown in Fig. 115b, and the 
experiment repeated. Obviously nothing was altered with regard to 
voltage and ratio of transformation. The results of this experiment 
was as follows : — 



Frequency. 
50 



(b) Coils subdivided. 

Primary 
Voltage. 

11 



Secondary 
Current. 



The stray-voltage — 



or — 



El' = x/112 - 452 = about 10 
El' = 11- 4-5 = 6-5 



Thus the mean value of Ei' = 825, or only 8^ per cent, of the 
terminal voltage. This shows clearly the great effect which a 
subdivision of the coils has on the reduction of the stray-factor 
or field. 
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6. Efficiency and Methods of artificially loading 

Transformers 

1. Efficiency. 

The efficiency of a transformer may be determined — 

(a) Indirectly, by measuring the individual losses, and calculating 
the efficiency from these and the output. 

(^) Directly, by loading the transformer, measuring its output, 
and si^lultaneously its input, by means of wattmeters. 

(c) Indirectly, by the differential method ; the energy developed 
by one transformer is absorbed by another identical transformer, 
and from here supplied back to the mains. The energy lost in this 
double transformation is supplied by an auxiliary transformer, and 
measured. Thus the combined efficiency of the two transformers is 
formed. 



(a) The Indirect Method. 

Experiment No. VI. 

Of the power Pi absorbed by the primary of a trahsformer, 
a part is lost, or rather transformed into heat. The other part is 
transformed into electrical energy (of different voltage), and supplied 
by the secondary P2. The total efficiency of a transformer is 
therefore — 

^. = ^ (50) 

Of the energy lost in the transformer a part is used for covering 
the iron losses (L,), the other part for covering the copper losses (L,). 
Thus the lost energy — 

P2 = L, + L, : . . (51) 

and — 

Pi = P2 + P2 = P2 + L, + L,. . . (52) 
thus — 

-=!^+^L (^^) 

or — 

,. = ^^-f"-^ (54) 

Jtl 
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Either of the formulflB (53) and (54) may be used for the 
determination of the eflficiency. All we have to do is to measure 
the iron and copper losses of the transformer at that state for which 
we wish to know the efficiency, i.e. commonly at the hot state of the 
transformer. 

The determination of the iron and copper losses has been shown 
in Experiments Nos. I. and II. respectively : see previous pages. 
The latter method may be slightly improved by considering the small 
iron losses arising during the short-circuit test. It has been stated 
previously that these losses are negligibly small. They may be 
determined, however, in the following way: After the energy has 
been measured, which is required to produce in the short-circuited 
secondary circuit the normal working current C2, the secondary is 
opened, and the power in the primary measured again at the same 
voltage as during the short-circuit test. If the second wattmeter 
reading is deducted from the first, the actual copper losses are 
obtained. 

This method, while fairly accurate for small transformers, is not 
to be recommended for large ones, as there are always some additional 
losses, which are not considered in the determination of the efficiency 
in this way. For large transformers, more especially such for high 
voltages, the differential method should be resorted to. 

In the following, a complete example is given for the determina- 
tion of the efficiency by the indirect method. 



Example VI. 
Determination of the Efficiency of a Transformer {Indirect Method), 

Single-phase Transformer, No. 1241. Type and maker, Ferranti, 
Ltd. 

Voltage, 110/220 ; output, 10 Kv.A. ; frequency, 50. 

Instruments used: Weston Ammeter, No. 237; Weston Watt- 
meter, No. 4937. 

Table of Eesults. 

With a frequency of 50 and a primary voltage of 110, the 
current in the primary Ci = 10 amps, and the watt-consumption 
294 (secondary circuit open). The resistance of the primary coils 
was measured and found to be 0'015(i>. Thus the iron losses — 

P, = 294 - 1-5 = 292-5 watts 
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Next the copper losses were measured. The secondary coils were 
short-circuited through an ammeter, and the primary coils connected 
to a source of variable voltage. 

By means of the primary voltage the current in the secondary 
was adjusted to half normal and 50 per cent, above normal respectively, 
and the watt-consumption measured. The following results were 
obtained : — 



Secondary current jCamperes). 



25 

50 
75 



Primary watts (copper losses). 



40 

174 

400 



The iron losses at these small voltages were negligibly small. 
By means of formula (53) the efficiencies at half load, full load, 
and 50 per cent, overload may be found as follows : — 

^,«, , 5000 ^„ ^ 

Half load, n = 50Q0 + 292-5 + 40 = ^^'^ P^^ ^^^*- 

■17 in J 10000 ^- 

FuU load, I, = 10000 + 292-5 + 174 = ^^ " 

n 1 A 15000 Q. 

Overload, v = 15000 + 292-5 + 400 = ^^ '' 

(&) The Direct Method. 

For this method it is, of course, necessary to have a source of 
current capable of supplying all the power required, and some 
suitable apparatus to absorb the power again. Before the actual 
test is made, the transformer should be heated up to its maximum 
temperature ; the secondary load being adjusted, it is measured by 
means of a wattmeter, and simultaneously the power absorbed by the 
primary is also measured. From the two readings the efficiency is 
obtained. The experiment should be made for several loads, say I, 
J, J normal and J above normal load, and a curve plotted showing 
the efficiency as a function of the secondary load. 

This method has two great disadvantages : — 

(1) The energy wasted is, more especially in the case of large 
transformers, very considerable, involving a comparatively heavy 
expense. Where the supply of current is limited, it is sometimes 
objectionable to throw a heavy load on the generators. 
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(2) To obtain by this method anything like a reliable and 
accurate result, the measuring instruments must be specially cali- 
brated and compared with each other, and the measurements made 
with the greatest possible care and accuracy. The two outputs 
differing but little from each other, a small error in the determination 
of one of them would cause a great error in the result. Assuming, 
for instance, the actual output of a transformer to be 9600 watts, and 
the actual input 10,000 watts, then the real eflBciency is obviously 
96 per cent. If, however, there is an error of IJ per cent, in each 
measurement, and the two errors are on opposite sides, then the 
apparent output would be 9744, the apparent input 9850; thus the 
apparent efficiency 98 per cent, (against 96 per cent, which it really 
would be). 

The direct method is used for small transformers only. 

(c) The Differential Method, 

It has already been pointed out that, apart from being inaccurate 
the direct method for the determination of the efficiency is, more 
especially for large transformers, rather expensive. In the case of a 
500-kw. transformer, for instance, the cost of energy for a run of 
several hours would amount to about £15-£20. 

To avoid these expenses, the differential method may be employed. 
This method corresponds exactly to the Hopkinson test for continuous 
current machines ; thus two identical transformers are connected up 
in such a way that the energy produced by the one is consumed by 
the other, the energy covering the total losses of both transformers 
being supplied by a small auxiliary transformer. 



Experiment No» VIL 

Determination of the Efficiency of a Transformer by the Differential 

Method, 

Instruments and Apparatus required. 

M = Mains (voltage and frequency equal to that of the primary 
of the transformers to be tested). 

Ti, T2 = Identical transformers (to be tested). 

Tfc = Auxiliary transformer with variable ratio of transformation. 

W = Wattmeter. 

Ai = Ammeter (primary current). 

A2 = Ammeter (secondary current). 

V = Voltmeter (secondary voltage). 

Si, S2, S = Switches. 
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Experiment. — The two transformers Ti and Tg must be connected 
up so that their voltages oppose each other. 

Close switch Si, open S2, and short-circuit the primary of the 
auxiliary transformer T*, which will thus be out of action. The 



j^ 




Diagram of Connections. 
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energy now being supplied by the mains M and indicated by the 
wattmeter W will obviously be equal to the no-load losses of the two 
transformers Ti and T2. Let the wattmeter reading be Wi, and 
assume the iron losses in the two transformers to be alike, then — 

Wi = 2W/ (55) 

Since switch S2 is open, no current can flow through the secondary 
circuit of the transformers and Ag. 

Next open Si and close S2 and S;^ ; by suitably varying the ratio of 
transformation of T;^, the current flowing through the secondary of the 
two transformers (Ag) may be adjusted at will. The energy now con- 
sumed by the wattmeter W represents the copper losses of the two 
transformers Ti and T2 (for the current read on A2), and the total 
losses in the auxiliary transformer T* ; let the wattmeter reading be 

I 
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Wa, the total losses in T* be 1^, and the copper losses in each trans- 
former Wc (assumed to be equally distributed), then — 

W2 = L* + 2W, (56) 

The losses L;^ may be determined separately by opening S2 and Si 
and closing S;^. Thus the copper losses may be determined for any 
load of the transformers. 

To find finally the total losses in the two transformers, close all 
switches, and by suitably varying the ratio of transformation of 
T*, make the current flowing through the secondary of Ti and T2 
equal to normal. The power now absorbed from the mains covers 
the total losses in the two transformers and the losses in the auxiliary 
transformer. Let the wattmeter-reading be Ws, then — 

W8 = L, + 2(W, + WJ (57) 

Lf, may again be determined as indicated above ; its adjustment 
during this measurement must be the same as during the determina- 
tion of W3. 

Ws should not only be determined for the full load current of the 
transformers, but also for quarter, half, three-quarter load and 50 per 
cent, overload. 

The output developed by one and consumed by the other trans- 
former, P,, may be found from the ammeter and voltmeter readings 
in the secondary circuit of the transformer; where a very great 
accuracy is required a wattmeter may be used. 

The combined efficiency of the transformers Ti, T2 is obviously 
equal to the ratio of the output supplied by one and that consumed 
by the other transformer ; thus — 



p.We-L. 



2 

JJl . IJ2 = - 



P.+ 



Ws-L, 



(58) 



And, assuming the efl&ciencies of the transformers to be alike — 



''^='^= / — wTTi: 



2 . . (59) 



V ^'+-^ 



If there is no transformer with variable ratio of transformation to 
be had, an ordinary auxiliary transformer may be used with a non- 
inductive resistance is series. The losses in this series resistance 
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must then, of course, be considered together with the losses in the 
auxiliary transformer. 

If no suitable auxiliary transformer is available, the method may 
be somewhat simplified as shown in the diagram. Fig. 118. 



fi 
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Fig. 118. 



In this diagram — 

Ti, T2 = Transformers to be tested. 

W = Wattmeter. 

M = Mains. 

A, Ai = Ammeters (primary and secondary respectively). 

Vi = Voltmeter (secondary voltage). 

Si, S2 = Switches. 

The experiment is performed in the same way as before ; the 
current in the secondary circuit is adjusted by branching off one 
of the secondary coils. This branching point must be selected so 
that the difference between the voltage of the two secondary coils is 
equal to the voltage drop of both transformers. 

It is obvious that the results obtained by this method are not 
quite accurate, since the assumption that the losses in the two 
transformers are alike is no longer correct. However, this method 
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is sufficient for the approximate determination of the efficiency, and 
is, moreover, very suitable for the artificial loading of transformers. 




Fig. 119. 



Let Pe be the power in the secondary (voltage and current), and 
Wa the wattmeter reading, then the approximate efficiency is found 
by the formula — 



m = V2 = 



V 






. . (60) 



Fig. 119 shows the diagram of connections for determining the 
efficiency of two three-phase transformers by the last-mentioned 
method. 
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Example VII. 

Determination of Efficiency of Ttvo Transformers ly the Differential 

Method, 

Three-phase Transformers, Nos. 418, 419. Type and maker, O.T., 
Siemens Bros. 

Voltage, 1600/100, interlinked ; output, 20 Kv.A. ; frequency, 25. 

Instruments used: Kelvin Wattmeter, Weston Ammeter with 
current transformer (15 amps.), Weston Ammeter (200 amps.). 



Eecokd of Eesults. 



Frequency. 


Primary 


Secondary 


Secondary 


Total 


current. 


current. 


voltage. 


watt-consumption. 


25 




25 


102 


1091 


» 


— 


55 


102 


1200 


>» 


— 


116 


100 


1656 


» 


— 


140 


100 


1924 



The following table shows the respective losses on the auxiliary 
transformer (determined by measurement), the actual losses in the 
two transformers (determined by deduction of the auxiliary transformer 
losses from the total watt-consumption), the total power developed by 
the transformers (equal to E x C x V3), and the efficiencies found 
by means of formula (60). 



Table. 



L088 in auxiliary 
transformer. 


Total transformer 
losses. 


Total power supplied. 


Efficiency. 


105 
114 
130 
1-12 


986 
1086 
1526 
1782 


4500 

9900 

20400 

24650 


89-8 

94-9 

. 96-5 

96-5 
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2. The Artificial Loading of Transformeks. 

Before the efficiency or any other test is carried out on a trans- 
former, it should have attained its final temperature. For this 
purpose it must be fully loaded for several hours, the time of loading 
depending entirely on the type and output of the transformer. 

For loading the transformer resistances may be used. For larger 
transformers this is objectionable, on account of the cost of the 
energy wasted. Any of the methods described in connection with 
the differential tests may be employed for a permanent loading of 
the transformer. Where there is only one transformer to be loaded, 




FiQ. 120.>-Diagram for artificially loading Transformers. 

this may be done in the following way : The iron is magnetized by 
an alternating current of suitable voltage and periodicity, while the 
copper is heated by means of a continuous current. In this way 
a small energy only is required (equal to the total losses of the 
transformer), while yet the transformer is fully heated up. 

A diagram of connections for the artificial loading of a single 
three-phase transformer is shown in Fig, 120. The primary is con- 
nected in mesh, with one point opened. The secondary coils are 
connected in two or more parallel groups, and simultaneously in 
parrallel with the primary. Q is a source of continuous current ; 
the latter heats the windings up. The alternating current for the 
magnetization of the iron core is supplied to the mains M. 
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Two three-phase transformers may be connected up as shown in 
Figs. 121 or 122. 




Fio. 121. — Diagram for artificially loading Transformers. 




Q 




FiQ. 122.— Diagram for artificially loading Transformers. 



CHAPTER X 

ALTERNATORS 

I. No-load Characteristic 

As with a continuous current generator the no-load characteristic 
of an alternator is obtained by running it with constant (normal) 
speed and varying the exciting current within very wide limits. 

Experiment No. YIII. 

Determination of the No-load Characteristic of an Alternator. 

Diagram of CoNNEOTioys. 

-0- 




Pia. 123. 



Instruments and Apparatus required. 

V = Voltmeter (50 per cent, above normal voltage of alternator). 
M == Field magnets of alternator. 
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D = Source of direct current (dynamo or accumulators). 

E = Large regulating resistance. 

A = Ammeter (50 per cent, above normal exciting current). 
S = Single pole switch. 

In order to be able to vary the exciting current within very wide 
limits, the regulating resistance E should be very large ; where no 
large resistance is available, it should be connected up as shown in 
Fig. 42. 

Hoyperinient — Open switch S, and run the alternator with normal 
speed. Though the latter is not excited, the voltmeter (V) will 
indicate a small voltage, which is due to the residual magnetism 
of the machine. After recording the residual voltage close S and adjust 
the exciting current (A) to about ^ of its normal value, recording 
the current and voltage, and checking the speed. Take a series of 
readings of the alternator voltage with gradually increasing exciting 
currents (up to about 50 per cent, above normal) and afterwards 
with decreasing exciting currents. Care must be taken to vary the 
exciting current always in the same direction so as to avoid an 
irregular result due to the residual magnetism. 

With multiphase generators. the voltage should be read on all 
phases (or the interlinked voltages may be read). A single voltmeter 
with a voltmeter switch may be used for this purpose. 

As mentioned above, the speed should be checked for each reading; 
if it is found to vary within small limits, the voltage read on the 
voltmeter may be corrected by the formula.* 

E = E'|, (61) 

Where E stands for the corrected voltage, E' for the voltage read 
off the voltmeter and corresponding to the speed n', while n stands 
for the correct (normal) speed. 



Example VIII. 

Determination of the No-load Characteristic of a Single-Phase 

Generator, 

Type of machine, Kolben & Co., Prague. 

Voltage, 200 ; current, 20 ; output, 40,000 volt-ampere ; periods, 
50 ; speed, 750 revolutions per minute. 

Instruments used: Weston Voltmeter, Johnson & Phillips 
Ammeter. 



r 
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Table of Results. 
A. Ascending Magnetizing Gwrrent. 



Exciting cnrrent. 


Termiaal voltage. 


Corrected terminal 
voltage. 


Speed. 





4 


4 


750 


0-8 


28 


28 


750 


1-6 


53 


52 


755 


2-8 


90 


90 


750 • 


4-4 


.149 


149 


» 


5-6 


170 


170 


» 


6-4 


190 


190 


a 


80 


217 


217 


)» 


8-8 


225 


228 


740 


11-2 


253 


253 


750 


140 


. 274 


274 


a 



B. Descending. Magnetizing Current. 



Exciting current. 



120 
100 
80 
60 
5-2 
4-4 
2-8 
1-6 
0"-8- 




Terminal voltage. 



256 

237 

210 

170 

152 

130 

83 

47' 

28 

4 



Corrected terminal 
voltage. 



256 

237 

210 

170 

150 

130 

83 

48 

28 

4 



Speed. 



750 



760 
750 

735 
750 



The results of this experiment are plotted in Fig. 124, which 
contains two curves, one for the ascending and one for the descending 
magnetizing current. It will be noticed that the curve does not 
pass through zero, the reason being as mentioned above, a certain 
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amount of residual magnetism of the rotating field which consists of 
cast steel. 

The ascending and descending curves do not coincide on account 
of the hysteresis of the magnetic circuit ; this hysteresis is due to a 
molecular friction in the material, tending to maintain the particles 
of the metal in their original state of magnetization or demagnetization 
as the case may be. The stronger the fricfion between the iron 
particles, the greater will be the distance between the ascending and * 
descending curve ; this distance indicates therefore the quality of the 
material employed. The greater the distance, the worse is the 
material and vice versa. 

The shape of the no-load characteristic of an alternator corresponds 
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exactly to that of a continuous current generator. As with the 
latter, the lower part of the curve is practically the straight line ; 
the induction in the armature is here so small that the magnetic flux 
is directly proportional to the magneto-motive force, i,e, the exciting 
current. The larger the latter, the more the curve will bend to the 
right, as with larger inductions the induction (and hence the voltage) 
is growing slower than the magneto-motive force (exciting current). 
For very high inductions the curve should correspond to a straight 
Ime again, making a much smaller inclination with the horizontal 
than the first part of the curve, since the tangent of the angle which 
the curve makes with the horizontal is inversely proportional to the 
reluctance of the magnetic circuit. 
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At high inductions, however, the magnetic leakage influences the 
shape of the curve, causing it to incline slightly to the right. The 
magnetic leakage increases at high inductions nearly in direct pro- 
portion to the excitation, since the reluctance of the leakage path is 
nearly constant, and thus the stray-flux is directly proportional to 
the exciting current (ampere-turns). 

By a simple calculation we may determine the total flux flowing 
through the alternator for any given exciting current, or, with other 
words we may transform the readings on the ordinate of the no-load 
characteristic from volts into lines offeree. 

Since — 

_ 2-22 n.p. NZ (62) 

6O-|087 

E eOlO Jf (63) 

. " 2-2 n.p. N 
where — 

Z = Total flux (lines of force). 

n = Speed per minute. 

N = Number of conductors on armature. 

While with direct current dynamos the working' point of the 
machine is generally above the knee of the curve, it is frequently 
below in the case of alternators, since, to avoid excessive magnetic 
losses, alternating current machines are always designed to work 
with smaller inductions than continuous current machines. 

Under no-load characteristic of an alternator is also understood a 
curve showing the voltage as a function of the speed at constant 
excitation. It is obvious from formula (62) that this curve must be 
a straight line since at constant excitation Z remains constant, and 
thus E is proportional to n. This curve may be found for any 
excitation from the first no-load characteristic, by drawing a straight 
line through that point of the curve which corresponds to the 
particular current, and zero. 



2. Load Characteristic 

If an alternator is run first light and afterwards with a certain 
load, it is obvious that its terminal voltage will drop, this voltage 
drop being due to the following causes :; — 

1. Ohmic resistance of armature. 

2. Inductive resistance of armature. 

3. Demagnetization of the magnetic field due to armature re- 
action. 
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Consider these three causes separately : — 

1. The voltage drop due to the ohmic resistance of the 
armature winding is directly proportional to the latter and the 
armature current, i.e. the load. It may be determined by measuring 
the armature resistance by any of the methods described on page 27. 
The armature resistance causes obviously a loss, which is equal to 
CVa, and which forms commonly the greatest individual loss in an 
alternator. 

With regard to the position of the voltage drop in the vector- 
diagram, it is obvious that it is in phase with the current by which 
it is produced. 

2. The inductive resistance of the armature does not involve 
an actual loss of power. In many cases, however, the voltage 
drop, and thus the decrease of the actual output of the generator due 
to its inductive resistance, is greater than that due to the ohmic 
resistance. 

With regard to the position of the inductive voltage drop in the 
diagram, it is obvious that it must be at right angles to the vector 
representing the current (and ohmic voltage drop). 

It might just be mentioned that the impedance of an alternator 
armature is given by the formula — 

Impedance = ^rj^ + (27r/L)2 . . . (64) 

where — 

r« = Armature resistance (ohmic). 

/ = Frequency (per second). 

L = Coefficient of self-induction of armature. 

3. With regard to the armature-reaction we must distinguish 
three cases — 

(a) Non-inductive load, i.e, the current and terminal voltage are 
in phase. In this case the action of the armature ampere-turns is to 
neither strengthen nor weaken the magnetic field, but to distort it. 
If the armature ampere-turns are large compared with the main field 
(this would be the case with a weakly excited but fully loaded 
machine), the distortion of the field will also involve a weakening of 
the same. 

(&) If the geii^ator load is inductive, i.e. the current lagging, the 
effect will be both to distort and weaken the main-field. Thus a 
lagging current tends to decrease the armature voltage. 

(c) If the current is leading, the effect will be both to distort and to 
strengthen the magnetic field. Thus a leading current tends to raise 
the armature voltage. 

From what has been said above, it follows that the load charac- 
teristic of an alternator should be determined. 
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(a) With current and voltage in phase (non-inductive load) and 
various loads. 

(b) With the current lagging (inductive load). 

(c) With the current leading. 



Experiment No* IX* 

Determination of the Load Characteristic of an Alternator. 

DiAOBAM OF OONNEOnONS. 




Si, 02 



Fig. 125. 

Instruments and Apparatus required. 

Gi = Generator to be tested. 
G2 = Auxiliary generator. 
Ml, M2 = Generator field magnets. 
S2 = Main switches. 
Ai = Main ammeter. 
Vi = Main voltmeter. 
R = Main resistance, 
n, r^ = Field resistances, 
si, S2 = Field switches. 
A2 = Field ammeter. 
Q = Source of continuous current. 
W = Wattmeter. 

Hoffpenment. — Before proceeding to the actual experiment the no- 
load characteristic of the generator under test should be determined, 
so that it may be compared afterwards with the load characteristic. 
For this purpose open Si, S2, and §2, and close si ; the generator Gi will 
thus be excited, and its no-load characteristic may be determined 
as indicated in experiment No. VIII. 
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To obtain the load characteristic for non-inductive load open 
switches S2 and 52, thus entirely disconnecting the auxiliary generator 
G^ and close Si and Si. The characteristic should be determined for 
at least two different loads, say half and full load. Short-circuit the 
resistance R, and regulate the exciting resistance so as to obtain half 
the normal current in the short-circuited armature ; this current is 
read off Ai, read and record simultaneously the exciting current (A^), 
the generator voltage (Vi, which in this case will be zero), and Ai ; 
the speed should be kept constant throughout the experiment. 

Next increase the exciting current by decreasing the exciting 
resistance; in order to keep constant the main current it will be 
necessary to insert and gradually increase the main resistance E. 
Take the same readings as before, and gradually increase the exciting 
current about 25 per cent, above its normal value, keeping constant 
the speed and the main current. Thus the characteristic will be 
obtained for half load, and the same experiment should be repeated 
for normal load. 

To determine the load characteristic for any power factor (positive 
or negative) we may insert choking coils or condensers respectively 
in the armature circuit; this arrangement has, however, the dis- 
advantage that it is very diflBcult to adjust the choking coils or 
condensers so as to get a constant power-factor and constant load- 
current A better method of regulating the power factor of the 
circuit is indicated in Fig. 125. An auxiliary machine G2 (which 
need^ot be of the same size and type as the machine under test) 
is connected in parallel with Gi; G2 is running as synchronous 
motor, and has in its exciting circuit a regulating resistance r^. The 
voltage of the source of exciting current, Q, must be considerably in 
excess of the normal exciting voltage required by G2. 

In order to obtain the load characteristic for a lagging current, 
adjust first the load (armature-current) as required, and afterwards 
reduce the exciting current of G2 below normal. In this way any 
power factor may be produced in the circuit. 

Similarly, to determine the load characteristic for lagging current, 
adjust first the resistance R until the machine is sufficiently loaded, 
and then increase the exciting current of G2 to obtain the power-factor 
required. 

Example IX. 
Determination of the Load Characteristic of an Alternator. 

Machine No. 2217. Type and maker, Hodgson Wright & Wood, 
Halifax. Single phase. 

Voltage, 350 ; current, 40 amps. ; output, 14 Kv. A. ; periods, 75 ; 
speed, 1125. 
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Record of Results. 

1. Magnetization Curve. 

c = 0. 



Frequency. 



75 



Armature 
current. 



Terminal 
▼oltage. 



7 
50 
100 
133 
192 
250 
300 
350 
380 



Exciting 


Watts. 


Power 


current. 




factor. 











0-65 








1-5 








20 








30 








4-0 








5-0 








6-25 


. 






7-4 


• 







Remarks. 



Curve I. 
Fig. 126. 



2. Current Leading. 



Frequency. 



75 



Armatore 


Terminal 


current. 


voltage. 


16 


125 




200 




275 




300 




350 




384 



Exciting 
current. 



Watts. 



Power 
factor. 



1-1 

2-05 

3-3 

4-0 

5-0 

60 



1414 
2240 
3080 
3370 
3920 
4300 




Bemarks. 



Curve 

III. 

Fig. 126. 



75 


35 


110 


1-2 


2700 


0-7 . 






170 


2-0 


4170 








280 


3-2 


6850 








300 


4-5 


7350 








350 


5-75 


8600 








380 


6-5 


9300 


1 



Curve 
I Fig. 126. 



1 



ALTERNATOts 



129 



4 Current Lagging. 



Frequency. 


Armature 
current. 


Terminal 
voltage. 


Exciting 
current. 


WattB. 


Power 
factor. 


Eemarks. 


75 


25 


90 


1-8 


1580 


0-70 




» 




120 


2-2 


2100 


99 




>i 




185 


3-3 


3250 


4> 


Curve 
IV. 

Fig. 126. 


» 




225 


4-05 


3950 


ii 






275 
315 


5-0 
^6-0 


4820 
5500 


it 


«» 




340 


6-6 


5950 


)) 




» 




370 


7-6 


6500 


" 




75 


50 


90 


2-2 


3150 


0-70 




» 


99 


140 


3-0 


4900 


f} 




>> 




165 
190 


3-5 
4-0 


5780 
6650 




Curve 
► V. 

Fig. 126. 


>> 




225 
250 


4-6 
5-3 


7900 
8750 


>> 


« 




270 


5-8 


9450 


>f 




» 




315 


6-9 


11000 


>t 


' 



The curves thus obtained are very instructive. We see that with 
a leading current the voltage is above that of the no-load curve, while 
with lagging current it is below the latter. The vertical distance 
between the different curves indicated the total voltage drop, which is 
due to the ohmic resistance, self-induction, and the armature-reaction. 
Considering that the effect of the latter is but small if the magnetic 
field is strong compared with the armature current (i.e. if the voltage 
is large and the armature current small), we may neglect it altogether, 
and have thus a means of determining the self-induction of the arma- 
ture in a very simple manner. All we have to do is to measure the 
armature resistance and to measure, at a certain (high) excitation, first 
the terminal voltage on open armature circuit, and then with a certain 
(not too large) current flowing through it. From these readings we 
may plot the vector diagram as shown in the following. 

With an excitation of 2'7 amps, the no-load voltage of a small 
generator was 207 ; with the same exciting current and an armature 
current of 25 amps., the terminal voltage was 200, while the armature 

K 
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resistance was O'loi. It follows that the total ohinic voltage drop in 
the armature + external circuit was — 

200 + 25 X 01 = 202-5w. 

Let us now plot (to any scale) this voltage drop (see A, B, Fig. 
127) ; then the E.M.F. of self-induction of the armature (which is yet 
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Fig. 126. — Load Gharacteristio of Alternator. 



10 Amps. 



unknown) will be at right angles to A, B. Neglecting the armature 
reaction, we may assume the impressed voltage to be 207 (i.e, equal 




Fig. 127. 



to the no-load voltage), and plot it from B ; we call the point of inter- 
section with the vector of the E.M.F. of self-induction C, and get thus 
A, C, i.e. the E.M.F. of self-induction equal to about 43 volts. « Thus 
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it will be seen that in this, as in most cases, the voltage drop due to 
self-induction is considerably in exceJss of the ohmic voltage drop. 

The curves in Fig. 126 may also be used for the determination of 
the exciting resistance required for an alternator for various loads. 
The exact determination of these resistances will be dealt with in a 
subsequent experiment. 

3. 5hort-Circuit Characteristic 

The short-circuit characteristic is a curve showing the rela-tion 
between exciting current and armature current, the armature being 
short-circuited by one or several ammeters. 

With a single-phase machine there is only one way of short- 







FiG. 128. 

circuiting the armature, viz. that shown in Fig. 129. With multi- 
phase generators, however, there are several ways, as indicated in 
Fig. 128. If connected as shown in I. and III., the ammeters will 
show \/3 times the short-circuit current, while with the connections 
shown in II. and IV., the ammeters will indicate the short-circuit 
current. 
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Experiment No* X* 

Determination of the Short-circuit Characteristic of an Alternator, 
Diagram of Connections. 

-0- 



£ 



^2 



: Q 



t 




r ^ 

Fig. 129. 

Instruments and Apparatus required, 

G = Generator under test. 
Ai = Main ammeter. 

S = Main switch. 
A2 = Exciting ammeter. 

s = Exciting switch. 

r = Exciting regulator. 

Q = Source of continuous current. 

Experiment — Open the exciting circuit and close the main circuit; 
adjust speed to normal and read the main current Ai ; though not 
excited, a certain current will flow through the armature, which is 
due to the residual field. By gradually decreasing the resistance E, 
i.e. by increasing the exciting current, we also increase the armature 
(short-circuit) current ; the two latter should be recorded, while the 
speed is to be kept constant. The short-circuit current may safely 
be increased to about twice the normal armature current. With full 
excitation, the short-circuit current of an alternator varies from three 
to five times the normal armature current. 

Example X. 

A small two-phase generator of about 5 kw. was tested; the 
armature was short-circuited by two Weston ammeters. The following 
is the result of this experiment : — 
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Exciting 


Main current. 


Main current. 


Speed. 


current. 


Phase I. 


Phase II. 





1-4 


1-4 


1500 


0-1 


5-0 


5-1 




0-2 


8-2 


8-9 




0-3 


12-0 


12-6 




0-4 


15-2 


16-0 , 




0-5 


18-8 


19-6 




0-65 


23-7 


24-5 




0-75 


27-2 


28-1 ' 




0-9 


32-1 


33-2 


JjV" 


1-06 


37-5 


38-5 

/ 





It will be seen that the short-circuit current produced by the 
residual magnetism is 1*4 amps., and that the short-circuit currents 
in the tWo phases dififer from each other. This may be either due to 
a slight difference in the windings of the two phases, or due to a 
diflference in the resistance of the two ammeters used. 

The short-circuit characteristic for this machine is plotted in 
Fig. 130. 
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The short-circuit characteristic enables us, in connection with the 
no-load characteristic, to predetermine by an analytical or graphical 
method the total voltage drop for any load, power factor, and excita- 
tion. This voltage drop may, of course, at any time be determined by 
experiment, but this is sometimes inconvenient, and in the case of 
very large generators frequently impossible. 

There are several methods for the graphical determination of the 
voltage drop; none of them gives absolutely reliable and correct 
results, though they may be sufficiently accurate for practical 
purposes. 

In the following is described a method devised by Eothert.* 

For the plotting of the diagram we must know the no-load and 
the short-circuit diagram. It is obviously immaterial whether we 
plot field currents or field arapere-tums, the latter being proportional 
to the former. The armature ampere-turns, corresponding to a given 
current, are assumed to be equal to that value of the field ampere- 
turns which is necessary to produce a short-circuit current equal to 
the given armature current. The armature ampere-turns may thus 
be obtained directly from the short-circuit characteristic. 

As mentioned already, the armature ampere-turns do only 
distort the magnetic field if the load is^on-inductiv^. With a 
lagging armature current the main field is weakened, while with a 
leading armature current it is strengthened. The actual or effective 
ampere-turns producing the terminal pressure may thus be regarded 
as the vectorial resultant of the field ampere-turns and the armature 
ampere-turns. The armature ampere-turns must be plotted so that 
the angle between them and the resultant ampere-turns is 90° for 
non-inductive load, and 90 ± ^ for iriductive load, the sign -|- being 
taken for a lagging, and — for a leading current. 

The diagram may now be plotted as follows : — 

Plot OA (see Fig. 131) to represent the direction of the resultant 
(effective) ampere-turns, and draw OB at an angle of 90 ± ^, ^, 
representing the phase difference for which the voltage drop is to 
be found. OB is to represent the armature ampere-turns; these 
may be found from the short-circuit characteristic, being equal to 
the field ampere-turns required to produce the given armature 
current. With B as centre, and the radius BA equal to the 
given field ampere-turns (which may be found' from the no-load 
curve), describe an arc cutting OA at A. Then OA represents the 
resultant ampere-turns. Eeferring now to the no-load characteristic, ' 
we may find the E.M.F. corresponding to these resultant ampere- 
turns. This E.M.F. is equal to the terminal voltage corresponding 
to the given load, power factor, and excitation. 

* For a fuller treatment of this subject, see " Alternating Currents,'* by A. Hay, 
Harper & Brothers, 1905. 
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The following is an example for the application of this method : — 
A generator of about 5 kw. and 200 volts normal required at no 

load an excitation of 3200 ampere-turns to produce normal voltage. 

When short-circuited 900 ampere-turns were required to produce 




Fig. 131. 



the normal current of 25 amps. It is required to find the terminal 
voltage at the same excitation (3200 ampere-turns, corresponding to 
a shunt current of 16 amps.) with full load and a power factor of 
about 0'7. The corresponding diagram is plotted in Fig. 132. OB 




Fio. 132. 



is plotted at an angle of (90 -|- 30) = 120° against OA (cos <f> = 07 
corresponds to an angle of about 30°). OB is made equal to 900, 
and the radius BA about 3200. Thus the resultant ampere-turns 
OA = to about 2800, which corresponds (on the no-load characteristic) 
to a terminal voltage of about 185. The voltage drop for this load 
and power factor is thus about 15. 

As mentioned above, this, like all other similar methods, gives 
approximate results only, provided that the magnetic field is well 
below saturation. The particular method described gives beyond 
a certain value of the exciting current terminal voltages which are 
too high. Further, in determining the voltage drop it should be 
calculated, as in order to get accurate results from a diagram it 
would have to be drawn to an inconveniently large scale and with 
extreme care. 
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4. External Characteristic 

This is one of the most important tests, as it shows the behaviour 
of the alternator in actual use. For determining the external charac- 
terii^ic^ we first adjust the shunt current so that the alternator gives 
its normal voltage at no load and normal speed. The alternator is 
then gradually loaded and its voltage observed, while the exciting 
current and speed should remain constant. The characteristic should 
be determined for non-inductive load, and, if possible, for a lagging 
and leading current. 

Another method of determining the external characteristic is to 
load the alternator with its normal current, adjust the yoltage to its 
normal value, and then gradually decrease the load, keeping constant 
the exciting current and speed. 



Experiment No* XL 

Determination of the External Characteristic of an Alternator*. 
Diagram op Connections. 




Fig. 133. 



R 



Instruments and Apparatus required. 



G = Generator to be tested. 
W = Wattmeter.. 
Ai = Main ammeter. 

V = Main voltmeter. 

S = Main switch. 

E = Loading resistance. 
A2 = Exciting ammeter. 

r = Exciting resistances 

s = Switch. 
Q = Source of 




current. 
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Experiment, — Close s and open S. Adjust the shunt current by 
means of r, making the terminal voltage of G (V) equal to normal. 
Eead and record the exciting current and the generator voltage, 
adjusting simultaneously the speed. Speed and exciting current 
should be kept constant during the experiment. Increase gradually 
the load by decreasing the resistance E, and record the corresponding 
values of the generator voltage, current, and watts. The maximum 
current should be about 25 per cent, above the normal working 
current. 

A second test should be made in the following way : Close S and 
s; by means of the resistances r and E adjust the current of the 
generator and its voltage to their respective normal values (speed 
normal). Eecord the readihgs on the instruments, and without 
changing the speed or exciting current, gradually decrease the 
generator current and record the corresponding instrument readings. 
Finally, the switch S should be opened and the no-load voltage , 
recorded. 

In order to determine the external characteristic for inductive 
loads, we may either use choking coils and condensers in the main 
circuit, or, if the means are at hand, produce any phase difference 
(positive or negative) by means of a synchronous motor. Otherwise 
the experiment is performed exactly in the same manner as described 
above. 



Example XI. 
Determination of the External Characteristic of an Alternator, 

Machine No. 2217. Type, Hodgson Wright & Wood, Halifax. 
Single-phase. 

Voltage, 350 ; current, 40 amps. ; output, 14 Kv. A. ; periods, 75 ; 
speed, 1125. 

Instruments used: Siemens' Wattmeter, Weston Voltmeter and 
Ammeter. 
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Eecord of Eesults. 
(a) NoTiAnductive Load. 
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current. 
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Main 
current. 
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(b) Current Leading. 
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Frequency. 

75 
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current. 
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(c) Current Lagging. 



Exciting 


Frequency. 


Main 


Main 


Main 


Power 


Remarks. 


ourrent. 


voltage. 


cnirent. 



watts. 


factor. 




6-3 


75 


350 




about 0-7 


\ 






340 


10-0 


2380 










335 


17-5 


4100 




Curve 






325 


25-0 


5700 




IV. 






315 


32-5 


7170 




Fig. 134. 






308 


40-0 


8620 










290 


50-0 


10200 




/ 



From the curves in Fig. 134 it will be seen that the terminal 
voltage of an alternator drops with increasing load; this> drop is 
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Fig. 134. — External Characteristic of Alternator. 



50 Amps. 



larger for inductive than for non-inductive loads, while with a leading 
current the terminal voltage grows up to a certain load, and afterwards 
drops again. 



140 TESTING OF ALTERNATING CURRENT MACHINES 

The causes of the voltage drop of an alternator and the influence 
of a leading and lagging current have been discussed at some length 
on a' previous page. 

For practical purposes it is important to know the percentage 
voltage drop (or increase) for a given load. This percentage variation 
is sometimes called the regulation of an alternator. 

Let Eo be the terminal voltage for no load and E/ that for full 
load, then the percentage decrease of voltage — 

R. = ^-^— .100 (65) 

Thus in the above example, where Eo = 350, and E, (at full load, 
i.e. 40 amps., and cos ^ = 1) = 320 — 

E^ = -^^o7.5^^ • 100 = about 8-6 per cent. 
ooO, 

The percentage increase of voltage — 

R, = ^'"^MOO. (66) 

where E, is the voltage to which the machine is adjusted if fully 
loaded, and Eo the voltage which the generator attains if all the load 
is thrown off. 

In our example we have — 

E, = ^^^"^^^ . 100 = about 7-9 per cent. 

It will thus be seen that these two values differ from each other, 
so that in giving the value for the "regulation" of a machine it 
should always be stated if the increase or decrease of voltage is 
given. 

The percentage regulation of an alternator should always be found 
for full load and 50 per cent, overload for non-inductive, and for full 
load and 25 per cent, overload for inductive load (cos = 0*8). 

From the curves in Fig. 134 it will be seen directly that, in order 
to keep the voltage of an alternator constant with increasing load 
and power-factor, it is necessary that the exciting current should be 
increased. This is done in the same way as with continuous current 
generators, i.e. the excitation is designed for the maximum required, 
and is weakened for smaller loads and power factors by means of 
regulating resistances. Obviously it is necessary to determine these 
resistances, which may be done either by calculation (graphically) or 
by an experiment which will now be described. 
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5. Regulation Curves 

Under regulation- curves of an alternator are understood those 
curves which show the exciting currents required to keep the terminal 
voltage constant as a function of the load for various power factors. 



Experiment No» XIL 

Determination of the Regulation Curves of an Alternator, 



Diagram op Connections. 




Fig. 135. 



n 



Instruments and Ajpparatus required, 

G = Generator to be tested. 
Ai = Main ammeter. 
Vi = Main voltmeter. 

S = Main switch. 

E = Main resistance. 
W = Wattmeter. 
A2 = Exciting ammeter. 

r = Exciting resistance. 
s = Exciting switch. 

Q = Source of continuous current. 

M = Field of alternator. 

Experiment — Close s and open the main circuit (S). Adjust the 
generator voltage to its normal value and read the exciting current. 
The speed should be normal. Then close the main circuit, and 
gradually increase the main cxirrent to about 50 per cent, above its 
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nonnal value, always regulating the shunt current by means of r, so 
as to maintain the normal terminal voltage on the generator. Eecord 
the corresponding values of the main current, main voltage, watts, and 
exciting current. If the exciting current be plotted as function of 
the main current, the regulation curve will be obtained for a non- 
inductive load. 

Another test should be made for an inductive load, the power 
factor being about 0*8. The phase diflference between current and 
voltage may be produced either by choking coils switched in the 
main circuit, or by a synchronous motor with variable excitation being 
connected in parallel with the generator. 

With regard to the speed of the dynamo, this should be either 
constant during the experiment, or, better still, should be slightly 
reduced with increasing load, so that the speed at full load should be 
about 5 per cent, below that at no load. 

The test should be made with the generator being hot. 



Example XII. 

Determination of the Regulation Curves of an Alternator. 

The experiment was made with an old pattern of a single-phase 
generator, the indxictive voltage drop of which was rather large. 

Eecord of Eesults. 
(a) Non-inductive Load, 
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(b) Inductive Load. 
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The two regulation curves (I. and II. in Fig. 136), in connection 
with the known exciting voltage and the resistance of the field- 
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1-6 1*8 2-0 Exciting 
current. 



windings are sufficient for the determination of the regulating 
resistance, as is shown in the following example. 

The resistance of the field-coils of the above-mentioned generator 
was 150(0 (measured cold), the exciting voltage 300. From the 
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regulation curve we see that the maximum exciting current required 
(for cos ^ = 0*8 and 50 per cent, overload) is about 1*9 amps., while 
the minimum current (for no load) is 0*8 amps. Thus the total 
exciting regulating resistance required — 

r.^^'-r^ (67) 

where E^ stands for the exciting voltage, C,„ for the minimum exciting 
current, and r^ for the resistance of the field-winding (when cold). 
Thus, in our case — 

r, = ^ - 150 ^ 225ai 

It is usual to add to the resistance thus found about 15 to 25 per 
cent. ; for the above machine a resistance of about 275ai would be 
required. The current capacities of these resistances may be read of 
the curve II. (Fig. 136). Thus we would in this particular case use 
three diflferent gauges, one suflBcient for 2*0, one for 1*5, and one for 
I'O amps. The number of contacts on the regulator is commonly 
made rather large, so as to ensure a gradual regulation of voltage. 

6. The Efficiency of Alternators 

For measuring the eflBciency of an alternator, i.e. the ratio of the 
electrical output to the mechanical input, there are several methods, 
which may be classified as follows : — 

(a) The direct method, by which both the electrical output and the 
mechanical input are measured directly. 

(b) The indirect method, by which the total losses occurring in 
the alternator are measured, and the eflBciency is determined by 
calculation. 

(c) The diflferential method, by which one machine working as 
generator is driven by the other machine working as synchronous 
motor. The energy covering the total losses in the two machines 
is supplied either mechanically or electrically, and correspondingly 
measured. 

Which of these methods should be employed in a specific case 
depends entirely on the degree of accuracy required, the size of machine, 
and on the auxiliary appliances available. In the following, the more 
important methods will be described. 

(a) The Direct Method. 

The output is always measured directly by means of one or more 
wattmeters, according to the number of phases. The input is measured 
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either by a transmission dynamometer {e.g, the Von Hefner Alteneck), 
or the generator is driven by an electric motor (continuous or 
alternating current), the efficiency of which for all speeds and outputs 
is exactly known (calibrated motor). 

It is obvious that this method can be employed for small machines 
only, owing to the difficulty of providing sufficiently large dynamo* 
meters or calibrated motors, and owing to the excessive costs of such 
a test with a large machine. 

For small machines this method may be employed with a very 
fair degree of accuracy, which depends, of course, on the accuracy of 
the wattmeters and dynamometer employed. 

Before the test is carried out the machine must run with full load 
for several hours, or must be specially heated up to its final temperature 
by one of the methods described later on. Special care should be 
taken to have the machine running at least half an hour prior to the 
test with full speed to ensure the bearings being in their normal 
state. 

Let P, be the electrical energy supplied by the generator and P^ 
the mechanical energy consumed, then the efficiencyr— 

^ = ^^ (68) 



(&) The Indirect Method. 
Let L« be the total losses in a generator, then its efficiency — 

"^prlt (««) 

The losses in an alternator may be classified as follows : — 

(1) Ohmic losses in the armature, L„. 

(2) Ohmic losses in the field-magnets (and regulating resistance), Ly. 

(3) Iron losses (hysteresis and eddy currents in armature and 
field-magnets), L*. 

(4) Mechanical losses (friction in bearings and windage), lt„,» 
Thus— 

'' = p. + l. + L/ + l. + l: • • • ^^^^ 

To find the efficiency we have thus to determine the individual 
losses enumerated above. 

(1) The ohmic losses in the armature — 

L«=a2E, (71) 

where Ga stands for the armature current and K^ for its resistance. 
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This may be found by experiment (see Chapter III.). The armature 
should have reached its tinal temperature before the resistance is 
measured. 

It has been mentioned already in Chapter IX. (part 2) that the 
actual loss in an alternating current winding is always greater than 
that found by calculation from the resistance and current. It is 
therefore advisable to add to the ohmic loss in the armature a certain 
percentage, varying from 25 to 15 per cent, according to size and type 
of the machine. 

A method will be described later on by which the ohmic losses in 
the armature can be measured directly. 

(2) The determination of the ohmic losses in the field-magnets 
offers no difficulties whatever ; all we have to do is to measure the 
field resistance (see Chapter III. part 3) and multiply this by the 
square of the exciting current corresponding to that load for which 
the efficiency is to be found. This exciting current may be ascertained 
from the regulation curves (see Fig. 136). 

If the loss in the regulating resistance is to be included in the 
total losses, it is best to calculate the losses due to excitation by 
the formula — 

L, = EA (72) 

where E^ stands for the (constant) exciting voltage, and C^ for the 
exciting current corresponding to the armature current C„ for which 
the efficiency is to be found. 

(3 and 4) . The iron losses may be determined together with the 
friction losses and afterwards be separated from them. This is done 
in the following way : The generator is driven by an auxiliary machine 
(or by its own prime mover if coupled with it directly) and excited 
with that exciting current which corresponds to the load for which 
the efficiency is to be determined. The armature circuit is left open 
and the speed adjusted to normal. The energy thus consumed by 
the generator is spent in overcoming the iron and friction losses ^t 
normal speed and excifation. 

If now the exciting circuit is broken and the energy consumed by 
the generator measured again, this* will obviously correspond to the 
friction losses and the very small iron losses due to the residual 
magnetism of the field. The latter may either be considered by 
subtracting a small percentage of the friction loss, or may in the case 
of small machines be neglected altogether. 

Finally the iron losses may be obtained by* subtracting, the friction 
losses from the total losses. If the iron losses be determined for at 
least two different speeds (frequencies) they may be separated into 
hysteresis and eddy-current losses. 
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A variation of this method is to run the generator as synchronous 
motor and regulate the exciting current until the current consumed 
by the armature is a minimimi. The energy consumed (less the small 
ohmic loss in the armature, which may be found by calculation from 
the no-load current and the armature resistance) is equal to the iron 
plus friction losses. This method has the advantage that it does not 
require an auxiliary motor ; on the other hand, it has the disadvantage 
that it does not allow a separation of the iron from the friction losses. 



Experiment No* XIIL 

Determination of the Efficiency of an Alternatm' hy the Indirect 

Method. 

Diagram op Connections. 



2^VW^MA 




Fig. 137. 






Instruments and Apparatus required, 

G = Generator, driven by a calibrated motor. 
V = Main voltmeter. 
A = Exciting ammeter. 

r = Exciting resistance. 
* s = Exciting switch. 

Q = Source of continuous current. 

Experiment, — Eun the machine for several hours with full load 
or heat it up artificially. When it has reached its final temperature, 
measure the resistance of the armature and the field-coils. 

Next determine either by experiment or by calculation (graphically) 
the regulation curves for those loads and power factors for which the 
efficiency should be found. 

Eun the machine with full speed but without excitation for at 
least half an hour, and after this, measure the energy consumed by the 
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auxiliary motor. Next excite the generator with a current which 
corresponds on the regulation curve to full load and power factor = 1. 
Measure again the energy consumed by the auxiliary motor and record 
this, the exciting current, and the (constant) exciting voltage. The 
same readings should be taken with several exciting ciurents corre- 
sponding to various loads and power factors of the generator. 

The results of these experiments are to be worked out as shown 
in the following example. 

Example XIII. 

Determination of the Efficiency of an Alternator hy the Indirect 

Method, 

Machine No. 2217. Type, Single-phase. 

Voltage, 350 ; cxirrent, 40 amps. ; output, 14 Kv.A. ; periods, 75 ; 
speed, 1125. 

Eecoud of Eesults. 

Armature resistance, measured hot, 0'3a>. 
Field resistance, measured hot, 9a>. 




The regulation curve was determined and is plotted in Fig. 138, 
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curve I. for cos ^ = 1, curve II. for cos ^ = 0'8. The constant 
exciting voltage was 90. 

The machine was next coupled to a calibrated continuous current 
motor and run for six hours. Immediately afterwards the following 
aeadings were taken. 



Exciting 
current. 


Exciting 
voltage. 


Corresponding load of 
generator. 


Speed, 
n. 

125 

»» 
>» 

»f 
»^ 
»» 
»« 


Watts con- 
sumed by 
O.C. motor. 


Efficiency of 
D.C. motor. ' 


Watts con- 
sumed by 
A.C. gene- 
rator. 


6-6 • 90 

71 

7-85 

6-8 „ 

7-7 ! „ 
91 


20 amps, cos <^ = I'O 
40 „ „ =10 
60 „ „ =10 
20 „ „ =0-8 
40 „ „ =0-8 
60 „ ., =0-8 


775 

790 
812 
782 
807 
853 
517 


62 per cent. 
»» 

If 
»» 
>» 
»» 
59 „ 


480 
490 
505 
485 
500 
530 
305 



The following table contains the individual losses for various loads 
and power factors by calculation, also the eflBciencies. 



Table of Losses and Efficiencies. 









Load. 






Loss. 


t7\ 


^n 


^11 




00* 


00 




li 


Sl 


sl 


S II 


Si 


S II 




ss 


-§ 


Si 


«i 


^§ 


^8 


Ohmic loss in armature — 1 

La=,Ca»BaXl-2 










145 


576 


1296 


145 


576 


1296 


Obmio loss in field-magnets and ex-^ 
citing resistance, L/ = E< x C< / 


594 


639 


706 


612 


693 


819 


Iron losses, Lc 


175 


185 


200 


180 


195 


225 


Friction losses, Lw 


305 


3C5 


305 


305 


305 


305 


Efficiency— 














E X Oa X cos <^ 
" (E X Oa X cos <^)-i.L„+L/+'L,„-fL7 


85-2% 


89-1 % 


89-4 % 


82% 


86-5 % 


85% 















Fig. 139 shows the individual losses and the eflSciency as a 
function of the load for cos ^ = 1, while Fig. 140 shows the same 
curves for cos ^ = 0*8. 

L 3 
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(c) No-load and Short-circuit Method. 

It has been shown before that the determination of the ohmic 
losses in the armature gives always values which are below the actual 
losses. While with small machines this difference between the 
calculated and actual values is generally small, it may be quite 
considerable with large machines for small voltages. 

To avoid this error in the determination of the efficiency, the 
ohmic losses may be measured directly, as will be shown in the 
following. Otherwise this method is very similar to the one described 
in Experiment No. XII. 

Supposing we run an alternator with normal speed, without 
excitation and with open armature circuit, then the energy required 
to run the alternator will be equal to its friction losses (L^). 

If we run the alternator with the same speed, short-circuit the 
armature by an ammeter, and adjust the exciting current so that the 
current is equal to the normal working current of the machine, then 
the energy required to drive the alternator will be equal to the 
mechanical losses as above (L„) and the ohmic losses in the armature 
(L„). This experiment may, of course, be made for any other than 
the normal armature current, or, better still, from the result with 
normal armature current, the effective resistance r^, may be found, 
and thus the actual armature loss determined for any load. 

Since L« = C>ai— 



r - h 



(73) 



For ordinary tests this determination of the ohmic losses is 
sufficiently accurate. For very accurate tests, however, it must be 
considered that the short-circuit current in the armature sets up a 
magnetic field which gives rise to a certain amount of iron losses. 
These iron losses may be estimated as follows : Let the total iron 
losses at normal voltage be L^, those at a voltage corresponding to 
the short-circuit impedance L/, and assume that the iron losses are 
proportional to the square of the E.M.F. (in fact, they are proportional 
to about the I'Sth power of the E.M.F only), then — 

V = L,^ (74) 

where e^ stands for the short-circuit impedance, and e for the normal 
terminal voltage. 

The following example is taken from an actual test on a 300 Kv. A. 
generator. 

The iron losses at normal terminal voltage were 20,000 watts, the 
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normal terminal voltage 1000, and the short-circuit impedance 100. 
Thus the iron losses at short-circuit of the armature — 

1002 
L.' = 20,000 ^^^, = 200 watts 

Hence, even if this additional iron loss would have been neglected, 
the error thus committed would in this case only have been 2 per 
cent, of the ohmic loss. 

As a matter of fact, this method of measuring the iron losses 
gives values which are somewhat smaller than the actual losses. If 
the additional losses in the above test are neglected, they will partly 
compensate the error made in determining the iron losses. 
^ To find the iron losses the generator must be run with open 
armature circuit, normal speed, and that excitation which corresponds 
to the load for which the iron loss should be found. It is obvious 
that the strength of the field during this test is smaller than it would be 
if the machine was fully loaded, since in the latter case an additional 
cross-field is produced which increases the iron losses. As mentioned 
above, this error is generally compensated by the error made in the 
determination of the copper losses. 

Let the energy consumed by the machine running with full ex- 
citation and open armature circuit be L^, then — 

L. = L,-L^ (75) 

With regard to the losses due to excitation, these are calculated in 
the same manner as shown in the preceding example. 

From the individual losses thus ascertained the efficiency is obtained 
by means of formula (70). 



Experiment No^ XIV^ 

Determination of the Efficiency of an Alternator hy the No-load 
and Short-circuit Method. 

Diagram of Oonneotions. 




Fig. 141. 
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Instruments and Apparatus required. 

G = Generator under test, driven by an auxiKary motor. 
V = Main voltmeter. 
A = Ammeter. 
S = Main switch. 

8 = Exciting switch. 

r = Exciting resistance. 
Q = Source of continuous current. 

ExperiTnent. — As described above. 



Example XIV. 
Determination of Efficiency by the No-load and Short-circuit Method. 

Machine No. 2217. Type, Single-phase. 

Voltage, 350 ; current, 40 amps. ; output, 14 Kv. A. ; periods, 75 ; 
speed, 1125. 



Eegord of Results. 

Armature resistance, measured hot, 0*3w. 

Field resistance, measured hot, 9w. 

For regulation curve of this machine^ see Fig. 138 (curve I. for 
cos ^ = 1, curve II. for cos ^ = 0'8.) The constant exciting voltage 
was 90. 

The machine was coupled to a calibrated continuous motor and 
run for seven hours. Immediately afterwards the following readings 
were taken : — 



Exciting 


Exciting 


Oorreeponding 


Armature 


Watts con- 
sumed by 


Efficiency of 


Watts con- 
sumed by A.C 


currenl. 


voltage. 


generator load. 


current. 


C.C. motor. 




generator. 


6-6 


90 


20 amps. 18 





775 


62 per cent. 


480 


71 




40 ,: \l 





790 


«) 


490 


7-85 


>» 


60 „ )!i 





812 


» 


505 


6-8 




20 „ 11 





782 


^, 


485 


7-7 




40 „ U 





807 


»« 


500 


91 




60 „ );i 





853 


»• 


530 


0-9 




— » 


40 


1630 


68 „ 


1110 


— 


— 


— 


— 


517 


59 „ 


305 
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The ohmic loss in the armature is — 

1110 - 305 = 805 watts 
and accordingly the effective resistance — 

T 1 = jg^Q = about 0-5(u 

against 0*3(u as found by measurement of resistance. 

The following table, which has been worked out from the one 
above, shows the individual losses and efficiencies for all loads : — 



Load. 



LOBB. 


1 














20 amps. 


40 amps. 


60 amps. 


20 amps. 


40 amps. 


60 amps. 




C08^ = l. 


cos^ — 1. 


C08^=I. 


COB ^ = 0*8. 


COB ^=0-8. 


COB ^ = 0-8. 


Ohmio loss in armatnre ... 


200 


800 


1800 


200 


800 


1800 


Ohmio loB8 in field magnets 


594 


639 


706 


612 


693 


819 


Iron losses 


175 


185 


200 


180 


195 


225 


Mechanical losses 


305 


305 


305 


305 


305 


305 


Total losses 


1274 


1929 


3011 


1297 


1993 


3149 


Efficiency 


84-5 % 


88% 


87-2 % 


81-2 % 


84-7 % 


84% 
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